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New Youx, {uly 1950—In spite of 
the general shimp, rayon is holding 
its own, and even making progress 
in various fields, particularly in 
rayon and cotton mixtures. 


Avisco “15” 

engineered for 

Garpet industry requirements 


IB response to the needs of the carpet 
dustry, Avisco has developed a 15 
@enier rayon staple especially de- 
@gned for use in rugs. The result of 
More than 10 years of study and ex- 
periment, Avisco “15” is a dull 
Grimped staple engineered to pro- 
@uce a firm, sturdy surface, Tests 
Show that carpets made from it wear 
@xceptionally well. 

+ Rayon brings to the carpet indus- 
try new opportunities for unlimited 
Styling. Rayon’s well-known affinity 
for dyes will make possible clearer, 
brighter rug colors. New effects in 
eolor, texture and pattern can also be 
lachieved by cross-dyeing and by the 
vuse of variations in luster. 
| Already woven are carpets and 
“rugs on Axminster, Wilton and velvet 
looms in a wide range of plain colors 


Avisco 15-denier carpet staple 


and patterns, in twist, cut and un-cut 
pile types. These new products will 
be introduced by manufacturers at 
floor covering shows being held this 
summer in Chicago and New York. 

By taking advantage of the un- 
limited styling opportunities made 
available by rayon and the stable 
price of the man-made fiber, carpet 
manufacturers may well be opening 
up new profit possibilities for their 
industry. Rayon can stimulate the 
market for carpets just as it has for 


RAYON 20 YEARS AGO 


fall, women 


New Yor, July, 1930—For 


wear cutters 
are tavoring worsteds with 
rayon decorations. 


New July, 1990—Lead- 
ers in the fields of imitting and 


weaving are welcoming the an- 
nouncement of the “Crown 
Tested Plan” by the Viscose 
Company. 


Avisco 1.5-denier apparel staple 


men’s summer suits, women’s suits 
and boys’ wear. Avisco “15” could 
become as important to the carpet 
industry as rayon cord is to the tire 
industry. The reputation for versatil- 
ity. won by rayon in new fields bene- 
fits all users of rayon. 


MaKe use oF 
4-PLY SERVICE 


To encourage continued improvement 
in rayon fabrics, American Viscose 
Corporation conducts research and 
offers technical service in these fields: 


1 FIBER RESEARCH 

2 FABRIC DESIGN 

3 FABRIC PRODUCTION 
4 FABRIC FINISHING 


AMERICAN VISCOSE 
CORPORATION 
America’s largest producer of rayon 
Sales Offices: 350 Fifth Avenue, New York 1, 


N. Y.; Charlorte, N. C.; Cleveland, Ohio; 
Philadelphia, Pa.; Providence, R. I. 
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ELASTICIZED 
FABRICS 


of all descriptions 
through 


Scalt Testers 
How "Scott Testers BATHING SUIT FABRICS 


GIRDLE FABRICS 


give you way GARTERS 


ELASTICIZED SUITINGS 


WAISTBANDS 
GUSSETS—INSERTS 


TESTED 


REQUEST 
CATALOG 50 


SCOTT TESTERS, INC., 145 BLACKSTONE ST., PROVIDENCE 5, R. |. 


ts iss 
ne ' f the rubber thread Scott ke pecial testers for complete 
ne { rubber rea hase r mantifacture 
Contr t ring the threa through testing, ts an essential aid 
t w the desired characterist n maintaining uniformity 
tract t « ta t ed fabrie torn Let 
he \ | na ‘ te t wr tine t etect irregularities betore they 
we t turther t eed pr thor enhatr 
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A Quantitative Study of Resilience’ 


L. F. Beste and R. M. Hoffman 


Pioneering Research Section, Technical Division, Rayon Department, EF. | 


de Nemours and Company 


TH GENERAL PROBLEM of measuring fiber 
and fabric resilience and correlating the one with the 
other is of great importance to the textile industry. 
The purpose of this paper is to point out some fruit 
ful lines of attack upon this problem and to give some 
quantitative results which have been obtained in the 
course of our studies. Although the methods which 
we shall discuss below have been extremely useful 
to our research on new fibers, we wish to emphasize 
the fact that much work remains to be done before 
the general problem may be considered to be solved 

Since in the present paper we continue the dis 
cussion of the theme of an earher paper by one of 
us entitled 


\ Generalized Concept of Resilience” 


1]. it will be helptul to recapitulate the main points 


+4 


of the earher publication. First, it was pomted ou 


that the term “resihence’” has many 


upon the speaker (or writer) and the context 
of this confusion is removed if we recognize that 


resilience has two ispects namely, type and extent 


ach of these aspects has its own con plex tactors 


and, although 


neither one can be measured entirely 
independenth of the 


garded as 


It was next shown that type of resilience is sepa 
rable into two factors, each of which 1s complex and 
measurable by various means Ome ot these factors 
is stiffness, or stress per unit stra: on a descending 


scale of inherent stiffness, glass, cotton, and rubber 


cover the entire range of interest to the textile world 


The other factor 1s change of stiffness with elongation 


and with time This effect is well described by the 
term “diminishing modulus.” since the change ts 


usually (but not always) toward lower stiffness 


Che dimintishing-modulus effeet, which is present to 
a high degree in the stress-stram curve of wool, ex 
plains wool’s unusual ability to feel erisp but not 


harsh This factor is also observed as a spontaneous 


decrease * of stre ina fiber which is being held at 
constant lengt] 


The other aspect of resilence its extent, is char 
acterized by the abilitv of a body or substance to re 
In considering this aspect, 
the time element and the environment must always 


he specified, because both factors play an important 


Finally, it was shown that the three variables men 


tioned above—stiffness, diminishing modulus, 


> 
| 
| 
| 
mean 
as separate entities 
* A spontaneous merease of stre it constant length car 
* Presented at the Spring Meeting of The Fiber Society, be induced by a suitable loading history; this phenomenon ie 
e Clemson, 5. C., April, 1949 is called by some writers the istic after-effect.’ 
44] 
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TEXTILE *ACELE’ TABLE Errecrs of Time ann TEMPERATURE 

_100 ACETATE IN 

a Ravon PHTHALATE YARN 
2 Original varn 2.9 
3 Boiling water 15 min 26 2.4 ef 
2 Boiling water 30 min 19 2.3 6 
Ss Boiling water 45 min 22 $5 
Boiling water 60 min 44 35 


Water 60° 45 min 52 


16 
Water 75°C 45 min 2.7 
2348 '2348 :2346 i2345 Water 85°C 45 min 28 2.4 32 
P Water 95°C 45 min 21 2.3 
Fie Change of fiber modulus in processing : Onl 127°C $5 min 9 20 3? 
( ontrol yarn fabri Rotled-off fabri 
Dyed fabru howled off in sket tensile modulus in g./den. (per 100° elongation 


grams per denter.) 7 


tenacity ine. den EB percent elongation at break 


extent of recovery-—1mayv he convenientls depicted modulus * for several materials at various stages ot 


toyether ina three-dimensional plot or map 


processing. These results follow a rather regular 
In the present paper we wish tu amplity some of 


pattern: in each imstance the modulus is highest for 


the pots of the previous one, to furnish data for — the control yarn, lowest for varn removed from either 


everal properties, and te mention some quantitative the dyed or the boiled-off fabric, and intermediate 

correlations which we have found between fiber prop for the boiled-off control. Other properties show 

erties and fabric behavior. We wish also to discuss — similar changes, although of the properties meas 
| several questions which were raised and left unar ured the modulus exhibits proportionately the great 
f time lationships est change asa rule. 

De measured bug tension, compression, torsion, Of We conclude from these and similar data that i 


bending 2? (2) Under what humidity conditions 


one wishes to correlate fabric performance with the 


should tests be mad (3) What should be th r . : 
properties of the constituent fibers he should meas 
vious history of the test sample 


ure these properties on fibers which have been re 
moved frony the finished fabric. When these are not 


available, it ts preferable to boil-off betore 


: : 
Previous History of the Sample testing them, since the properties of the botled-off 


Suppose that a package of continuous-filament material are closer to the properties of the final 
varn or a bale of staple ws ready for sale t the prox product than are those of fibers which have not been 
eSsol How meanmytul are the results if the mechani boiled 

cal properties are measured at this stage Certainly Phe time and temperature of treatment are of some 
from the standpomt of control they are quite mean importance. Effects of these variables on a particular 
ingiul, Prom the standpoint of predicting fabric re sample of polvethylene terepht alate varn are 
stlience, these properties would be significant only in Table ] 

if they suffered no change in processing Now, it ts We conclude that the effects ot botling water on 
well known that in the processing steps which lead this fiber sample are essentially complete in 30 min 
from fiber to dved and finished fabric a fiber is ¢ Phe effects of temperature show no leveling off in 
posed to high intermittent or continuous stresses, t the range covered; as a practical temperature we pre 


the fiber properties 


| onstant rate 
We have, in fact, found considerable changes in a K.H. and 701 The modulus, determined 1 t lope 
wy f the linear portion of the stress-strain curve, ts equal t 
it Tow ties aS suit of TENth 1 COSS 1 } 
the stress whicl youl itheor ally ul the ‘ ot 


For example, in Figur 


H2 
| | 
a 
We shall consider the last question first 
hig! lemiperature and wetting wit! water It 
would not be surprising given in this paper were deter 
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ter that of a bath of boiling water, since this tempera 
ture is easily maintained constant, and it ts unlikely 
that a varn will be exposed to higher temperatures 
than this for long periods of time. Because of the 
above considerations we have adopted a standard 
treatment for test yarns, which consists of immersion 
of the skeins in boiling water for 45 minutes. Dis 
tilled water to which had been added 0.1% by weight 
of detergent * was used. Unless otherwise noted, 
all yarns and fabrics for which data are given in this 
paper were prepared in this way, with the exception 
of cellulose acetate and polythene, which were boiled 
off at GOPC, 


Type of Resilience 


Stiffness 


Stiffness in yarn filaments may be measured by 
numerous means. The general definition of stiffness 
(stress per unit strain) applies equally well to 
Young's modulus when measured either in stretch 
ing or bending, to the torsional modulus, or to the 
bulk modulus. The rate is important ; measurements 
of strain may be made a few microseconds after ap 
plying the stress, or the strain may be allowed to grow 
for days or weeks. The test may be cyclic in nature 
or unidirectional 

It seems reasonable to assume that of all these 
methods of measuring stiffness measurement of the 
modulus in bending is the most meaningful with 
respect to fabric “handle.” In fact it may be said 
that all the stress-strain-time relationships ought per 
haps to be determined in bending. With respect to 
the modulus, the usual practice has been to measure it 
in a tensile test and to assume that the same value 
for the measurement holds to a first approximation 
for the specimen in bending. Very little has been 
published on the validity of this practice because ot 
the difficulty of measuring the small forces involved 
Khavatt and Chamberlain [2] ob 
tained values for the bending modulus of several ani 


in bending 


mal hairs which ranged from 44% to 80% of the 
modulus as measured in tension. By a= similar 
method we found the ratio of bending to tensile mod 
ulus to be 860 + 14% for a synthetic polyamide 
and 113% + 12% for polyethylene terephthalate 
The above limits are average deviations. From these 


and similar results obtained elsewhere we conclude 


* Duponol- WA. In some of our earliest work a technical 


olive-oil base soap was used 
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that the tensile modulus ts a sufficiently good indica- 
tion of bending stiffness to make direct measu ements 


of the latter unnecessary However, 1f it ever be 


comes desirable to make really tine distinctions be 
tween fibers, it may be necessary to obtain these 
measurements 

The rate or frequency of test influences modulus 
results also. From one point of view, we should 
measure the modulus at as high a rate as possible, 
since we wish to account for time effects separately 
From the practical pomt ef view, elongation rates 
of several percent per muinute are the most important 
Accordingly, we have consistently employed a con 
stant rate of elongation of 10% per minute. We 
briefly investigated the effect of rate upon modulus 
in the range 10-506¢ elongation per minute and 
found no great change in this interval 

It perhaps is not necessary to emphasize the fact 
that the stiffness of a fiber is a real entity which will 
make itself felt in any fabric construction; that is, 
of two fibers put into the same construction, the stiffer 
fiber will yield the stiffer fabric It is sometimes 
claimed that modulus differences can be effectively 
leveled out or erased by a suitable adjustment of 
filament denier This view assumes that filament 
denier exerts no influence in its own right as an inde 
pendent variable. We can cite two harmful effects 
of arbitrarily decreasing the denier—namely, de 
crease in recovery from creasing and decrease in 


liveliness or “jump.” 


Diminishing Modulus 


To dlustrate the diminishing modulus as it affects 
the shape of the stress-strain curve, two typical 


curves are shown in Figure 2. In each instance the 
“initial modulus,” or stiffness, is the slope of the 
dotted line (The coneave upward portion of the 
curve for wool is due to crimp; the dotted line is as 
sumed to represent the true curve for the fiber sub 
stance in this region.) Aside from the difference in 
stiffness, the striking difference between these curves 
lies in their different shapes. Ii we examine the 
curve for cotton we note that the ratio stress stram 
is nearly constant as the fiber is deformed. In other 
words, the fiber exhibits a stiffmess which is almost 
independent of elongation For this reason, a really 
crisp cotton fabric feels harsh and unyielding if 
crumpled tightly. On the other hand, wool becomes 
markedly less stiff, or more comphant, with strain 


For this reason, a wool fabric with crispness and 


| 


STRESS (GPO) 


ELONGATION (%) 


Z Typwal stress-strain curves 


body will not feel harsh even when it is creased 
sharply on itself 

Such departures of stress-strain curves from 
linearity are sometimes linked solely with the time 
variable or with a lack of “perfect elasticity.” On the 
other hand, with simple levers or linkages and a few 
rubber bands one can easily construct mechanical 
models having zero time effects and (nearly) per 
fect elasticity. which will vield all manner of non 
linear stress-strain curves Phat such non-linear 
elastic elements are present im wool can be readily 
heheved The folds present in the wool molecule in 
the unstrained state provide an opportunity for hy 
drogen bonding, and these bonds are characterized 
byvar uid and reversible decrease of attractive force 
with elongation This picture correlates pertectly 
with the fact that the recovery portion of the hys 
terests loop of the wet wool filament is concave down 
ward for the first several percent of extension \ 
qualitatively similar effect would be observed in a 
mechanical spring-and-dashpot model if it) were 


equipped with a pair of horseshoe magnets arranged 


toy Coe together ut thre promt ot zero elor pation 
In the previous paper the “diminishing modulus” 
was measured by the ratio of the imitial modulus 


the dotted line in 


( slope at 

modulus it break (shoppe of 

CUTVe ) 


damental properties of the 


looking for a practical mea 


breaking point, Indeed, sor 


ot filament curvature 
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ACELE 
ACETATE RAYON. 
VISCOSE RAYON. _ 


NYLON 66 


COMPLIANCE 
(% ELONGATION /G PD) 


6 
ELONGATION (%) 


lieve that the practical limit of fiber deformation is 
approximately 110 elongation on the outside of the 
bent filament and a corresponding amount of com 
pression on the inside. We wish, then, to find some 
means of characterizing stress-strain behavior up to 
about 11 elongation 

In discussing the curves of Figure 2 we stressed 
the increasing compliance of wool as opposed to the 
constant stiffness, and hence the constant compliance 
of cotton, Let us, then, examine the compliance of 
fibers as a function of elongation. (The term “com 
pliance” 1s used here to mean the reciprocal of stiff- 
ness, or strain divided by stress. ) 

Figure 3 shows this property for several yarns 
It is apparent that the compliance ts initially constant 
for each yarn, as st must be where the stress-strain * 
curve is linear. Past the 1 or 2 elongation point 


there follows a transition region in some of the fibers 


° 


STRESS (GPO) 


° 


4 
ELONGATION (%) 


Fic. 4. Synthetic stress-strain curves The number 


cach curve indicates the rate of change of compiiancs 


2 
20 
COTTON 
woo —= 
pote 
4a 
- 
Fic. 3. Compliance vs. « 
| 
| 
| 
| 
igure 2) to the average 
the dashed line on the : 
ratio reflects some fun 
lus we must recognize the fact that a fiber in normal , PF . 
some direct measurements, 
Eee i) creased fabrics lead us to be vith elongation 
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up to as high as 4% elon 


ation. Past this point the 
compliance shows a remarkably constant rate of 
change with elongation. 

It is of interest to ask what sort of stress-strain 
curves would be required to give strict linearity in 
the compliance vs. elongation plot. This is shown in 
Figure 4 for a number of curves having the same ini 
tial modulus. The number on each curve gives the 
rate at which compliance changes with elongation 
Where the stress-strain curve is a straight line, the 
As the 


compliance changes at a higher rate the curves bend 


complian € is constant (zero rate of change ). 


over more and more until, at a rate of about 1.5, the 
wool type of curve is encountered, The nylon type 
of curve shows a negative rate of change 

\s shown in Figure 3, the compliance vs. elonga- 
tion plots are not quite linear; therefore, it is neces 
sary to take the differential rate of change at some 
arbitrary elongation or average out the change over 
a range of elongations. We have preferred the aver 
aging process. Bearing in mind the upper limut pre 
viously set, and the fact that the imitial modulus 
specifies the behavior for the first several percents of 
elongation, we have chosen the average frate ol 
change of compliance between 5(¢ and 10° elonga 


\s this 


quantity is given by a ratio, we have chosen to call 


tion as our measure of diminishing modulus 


it the “compliance ratio.” 
In mathematical terms the compliance ratio (CR) 


is given by 


CR (Compliance at 10°) elongation 
Compliance at elongation) /5 


where 1, is the stress in 
elongation.* 

In Table Il are values for the moduli and the com 
pliance ratios for a number of tibers In spite of the 
variability of most textile materials, we believe the 
values given are fairiy typical of the various types of 


fiber. 


*If the fiber breaks below 109% elongation, the C may 
Where 
ongation is less than 5%, the compliance ratio 


he 


he computed between 5% and the break elongation 
the break el 5 | 

may be taken as zero, since the stress-strain curve wall 
nearly a straight line 
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The Resiliency Map 


The dala in Table I] are easiest to study when 


plotted on a graph. Such a plot, embodying two 


dimensions of the complete resiltency * map, ts 
shown in Figure 5A. The third dimension of the 


resihency map will be treated in a later section 


In Figure 5A the fiber tensile modulus in grams 
denier (per 100 elongation) is plotted as ordinate 
on a logarithnuc scale 


i 


Choice of the logarithmic 


scale seems logical because tt requires equal verti 


cal distances to represent equal percentage changes in 
modulus. It also keeps the plot to a convenient size 
while avoiding crowding in the low-modulus regior 

The compliance ratio (horizontal axis) includes zero 
and negative values; 


accordingly, it 1s plotted on a 


linear scale 

Phe range of values represented on each axis m 
Figure 5.\ is nearly sufficient to include all the im 
portant textile materials, [Tf natural rubber were m 
cluded it would fall about as far below nylon as ny 
lon falls below glass 

The various textile wools are materials with rela 
tively low moduli and high compliance ratios. Only 
two materials are higher than wool with respect to 
this last property—namely, the man-made fibers from 


protein. At the left side of the map ts 


nylon, with 


low modulus and low compliance ratio. Considering 


the great difference im 


hetween nylon and 
wool, it is evident that one comphance-ratio unit 
represents a very great change in properties. We 
believe that a difference of one unit corresponds to 
a smaller effect as higher absolute values are ap 
proached 

The hig he st modulus values found for the more 
cComtion natural fibers are those for silk ana cottor 
Still hivher modult are characteristic of several fibers 
including chrvsotile (a type of asbestos), glass 
and rane 


“Fortisan,”’ All of these latter fibers are 


characterized by essentially straight stress-stran 


curves—that 1s, by comphance ratios near zero 

The effect of stretchi goon the properties of cellu 
losic fibers is of some interest. It will be seen that 
the series acetate rayon, viscose rayon, textile “Cor 
dura,” “Fortisan” shows a steady progression toward 


higher modulus and lower mplhiance ratio Thi 


change in properties is no doubt due to increasing 


tie \ | re t denote i mbherent 
property of a substance posed to t ‘ ta 
r structure Where both w apy ‘ result 
t is the ter 


| 


TABLE Tl. 60°, 70°F 


den. per CR 
Material 100°, elongation lens. /g 
Japan ith 73 4 4.4 ° 0.29 
Wool 50 56 47 + 13 ORG 
Wool top 64's tse O4 104 
Wool 64'« from worsted tabrics 18 to 25 1.0 to 1.7 
Zein tiber 26% 10 1.80 
Nylon 66, hoster wn 0.3 O19 
Casein, treated Ik + 0.6 2.70 
Polyethylene terephthalate 86 + 1.5 O08 
Polyethvlene terephthalate ") 105 
staph 
Polvacrvienttrile C.F + 63 4% 28 
Polyacrylonitrile staple 0.08 
Poly stvrene 44 1.37 
Polyvinyvlidene chlorice 7+ 0.2 010 
Fortisan’ rayon 243 4 99 
Ruane 169 4 13.0 0 
Cordura’ textile rayon 65 4 037 
Du Pont viscose rayon S4 + 2.6 068 
Cotton If 4 $7 
Cotton 39 0.04 
“Acele” acetate rayon 4 15 
ther 444+ 163 0 
Ashestos (chrysotile 147 0 
* The tiducial limit given is the standard error of the mean 
A minimum of 10 breaks was made on each synthetic and a 
of 20 on each natural tiber 
+c} continuous tHhament 
Cotton Lis to American cotton removed from 
tire yarn Cotton is combed CP. cotton removed 
from S001 varn; twist multipher 2 


erystallinity, and, to a greater extent, to imereasing- 


ht about by the stretchimg process 


onentation, broug 

In some respects the units employed in Figure 5A 
(g. den.) are misleading, as are all units based upon 
yarn or fiber weight. For example, if one should se 
lect a nylon and a wool filament of the same denier 
and the same modulus, he would tind that they ex 
hibited exactly the same resistance to stretch up to 


about 2 or elongation hlowever, the resistance 


of the nylon to bending would be 35°) greater than 


that of the wool, The reason for this discrepaney 1s 
that resistance to bending, other factors being equal, 
Is proportional to the syuare of the cross-sectional 
area. This area, in turn, is directly proportional to 
denier and inversely proportional to fiber density 

The above type ot disc repancy and many other 
difficulties could be avoided by the use of area units 
rather than weight units. In fact, the weight per 


unit area of a fabric is the on/y tabric property which 
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Is more logically related to denier, grex, varn count, 


or other weight unit than to an appropriate area unit. 
All other fabric properties, and all the details of fabric 
and varn geometry, are best understood in terms of 
ther diameter and cross-sectional area. 

In view of these considerations, the resiliency map 
of Figure 5A has been replotted in Figure 5B in units 


of kg. mm The rule for converting units ts 


kg. mm g. den OOOO * density 


In converting, one should remember that the modulus 
is given in Table I] and Figure 5A in g./den., but 
the compliance ratio is im dens. g. 

\ comparison of Figures 5A and 5B will show 
interesting relative shifts of some of the 
materials 

The map is usetul in defining types of resiliency. 
Casein, with its low modulus and high compliance 
ratio, should be very wool-like in hand, and it is so 
in fact. On the other hand, textile “Cordura” is silk 
like, as shown by its position on the map. The ma 
terials between wool and silk are intermediate in 
type, or dual-purpose yarns, A third type of resili- 
eney is represented by nylon, and a fourth type by 
inorgamic materials. The chief use of this type of 
plot is in screening synthetic fibers before selection 
of the more attractive examples for scale-up into 
fabric. This saves considerable time and money in 


new-tiber research 


Recovery Characteristics of Fibers 


The recovery of textile structures from deforma 
tion may be measured in many different ways, but 
only one of two things may be measured by each 
method : either the extent to which the structure re 
urns to its original size and shape or else the pro 
portion of the work of deformation which is returned 
Each of these two types of test could conceivably be 
made in three ways—namely, in tension, in torsion, 


or in bending, a total of six combinations 


Work 
recovery 
tests Dimensional-recovery tests 
1. Tensile 4+. Tensile (controlled, creep, elastic ) 
2. Torsional 5. Torsional (controlled, creep, elastic ) 


3. Flexural 6. Flexural (elastic ) 


A tensile test is one in which the sample is elon 
gated and then allowed to retract. There are only 


two recognized methods of carrying out tensile tests 
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either with controlled rate of elongation or with con 
trolled rate of loading. (The controlled rate is not 
necessarily constant; it may be simusoidal, for ex 
ample.) It is possible to measure the tensile work 
recovery in a cyclic test at thousands of cycles per 
second Important as this type of determination 
may be for fundamental reasons, we have confined 
our testing to the relatively slow rate of 10% elongation 
per minute, with retraction at the same rate 

It fs possible to measure the work recovered in a 


torsional process also, and we have done so. The 


STRESS (GP.0.) 


quantities of energy involved are very small. For 
example, the work required to twist a 3-den. acetate 
rayon filament 1 cm. long through an angle of 360 
is about 3 xX 10* g.-cm. This same amount of work 
would not elongate the same filament quite 0.2% 
8 Since so little work ts involved in this process, we be 
ELONGATION (%) lieve that the torsional work recovery is of much less 
of tensile secavers importance to fabric performance than is recovery 
Tensile recovery = 100 BC/A( measured in tension. 
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It should be possible to directly measure work re 
covery in bending, but we have not attempted it 
Some of the “compression” tests on masses of fibers 
measure bending work recovery indirectly as well as 
a certain amount of torsional work recovery 

There are three general classifications of dimen 
sional recovery tests also, together with several sub 
divisions. The tensile test may be carried out at a 
controlled rate, as 1s done in the tensile work-re 
covery test Phe measurement involved ts indicated 
in Figure 6 The quantity of interest, which we 
shall term the “tensile strain recovery,” or “tensile 


recovery,” for short, is obtained by dividing the re 
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Fig. 8 Fabric crease recovery vs. fiber work recover) 


from 3%. elongatron 


traction BC by the elongation 4C. Of course, the 
value obtained depends somewhat upon the rate 
chosen; for this test we employ the same rate as for 
the tensile work recovery test. There are two other 
possible ways to study longitudinal recovery of a 
fiber—namely, recovery from creep under a fixed 
load and recovery from a fixed elongation. The lat 
ter is often called the “elastic recovery” test. 

The same three variations are possible in measu 
ing torsional recovery; the discussion above con 
cerning the relative importance of torsional tests ap 
plies here also We have measured recovery irom 


bends in only one way—namely, with the fiber re 


Crease Recovery with Finer Recovery 


TR Tensile strain recovery from x) elongation 
WR, lensile work recovery from x°), elongation 
\ Number of comparisons 
Correlation coethcient 
*} Probable error of estimating Ry, from the regression line 


Equation of regression line \ r 

R,, = OO (WR + 11.4 44 S13 
Ry 1.27 (WR, 17.8 704 
R, 2.32 (WR,) + 4.6 28 R45 
Ri, 92 (TR 38 581 
Ris 108 (TR,) + 4.0 $8 
Ry 1.26 (TR + S54 25 697 


Probable error of estimating Ry, from best line t 


trough the origin 


Equation of best line 


PA through origin 
12.38 R 1.08 WR, 12.47 
9.29 R 1.70 WR, 10.00 
7.19 Ry = 2.50 WR 7.22 
11.67 R = 0.79 TR, 11.73 
931 Ris 1.10 9.35 
9 56 Ri, = 1.39 TR 9.56 
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Fic. 9. Fabric crease recovery vs. fiber work recovery 


from 5% elongation. 
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Fic. 11. Fabric crease recovery vs. fiber tensile 


recovery from 3% elongation, 


covering freely from a fixed bend which had been 
held for a certain length of time. This method is 
thus analogous to the ordinary longitudinal “clastic 
recovery” test. In fact, the results from the bending 
recovery test for wool, acetate rayon, nylon, and vis 
cose rayon parallel the results from the longitudinal 


elastic recovery test quite well. Accordingly, it 
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Fic. 12. Fabric crease recovery vs. fiber tensile 
recovery from 5% elongation 


seemed unnecessary to us to measure bending re 
covery as a routine practice 

In discussing the utility of the tensile work-re 
covery and tensile strain-recovery tests, we shall 


confine the subject to filaments intended for use in 


fabrics. Under this restriction, our only reason for 


measuring the recovery of a filament is that we may 
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be able to predict the recovery from creasing, wrin- 
kling, and stretching of fabric woven from the same 
material, The first step has been to run various re 
covery tests on filaments removed from fabrics and 
compare the results with the crease recovery of the 
fabric in each instance 

The two tensile tests which we chose to compare 
with fabric recovery were (1) tensile work re- 
covery for 1%, 36, and 5°% elongation and (2) 
tensile strain recovery computed from the same 
curves. The test was run at a constant rate of elon- 
gation of 1 per minute, with the sample held for 
30 seconds at the maximum elongation before it was 
allowed to retract. A recording tester employing a 
magnetic-type strain gage was utilized [3]. Each 
specimen was elongated successively to the three 
elongations specified above, with only enough pause 
hetween cycles to enable the operator to take up 
slack in the sample. The areas under the curves 
were measured by means of a polar planimeter 

The fabric crease-recovery test will be described 
in detail in a later publication, It will be sufficient 


here to state that fabric samples were creased ac 


cording to a standardized technique and were then 


allowed to recover with the crease held vertical 
This last feature minimized the effects of gravity on 
recovery. The recovery was measured 15 seconds 


ulter release of the sample. Recovery from a crease 
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perpendicular to the warp was compared with the 
work recovery and tensile recovery of warp filaments, 
and where the crease was perpendicular to the filling 
the comparison was made with filling filaments 
This made two comparisons possible for each fabric, 
but in some instances we made the comparison for 
only one direction 

All of the 28 fabrics in this study were twills from 


continuous-filament yarns except for two wools, 


which were plain weaves. Filament deniers, yarn 


deniers, and fabric-construction variables were quite 
diverse. Asa result, whatever correlation was tound 
in this preliminary study should be regarded as gen- 
eral and not confined to some particular construction 
We are presently engaged in carrying out this same 
kind of study on a series of fabrics which are all of 
the same construction 

In each instance we obtained the rectilinear corre- 
lation coefficient and regression line in the usual way, 
together with the probable error of estimating the 
crease recovery from the regression line. It seems 
logical for physical reasons that the regression lines 
should pass through the origin—that is, that zero 
fiber recovery should correspond to zero tabric re- 
covery. For this reason we also computed the best 
line through the origin for each case by the method 
of least squares. The probable error of estimating 


crease recovery from this line was then obtained. As 


RECOVERY 


Tensile recovery (% Work recovery (°; 


Material 
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yamide fibers 
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of po 


is Shown in Table II], the probable errors of estimate 
from the lines through the origin are not rouch greater 
than those from the regression lines 

The results are given in Table IT] and illustrated 
in Figures 7-12. In each figure only the line through 
The dashed lines indicate the 
probable errors of estimate 


the origin is given 
Since our purpose here 
is to discuss the utility of fiber tests, we shall not 
attempt to identify the separate materials except in 
the case of nylon (open circles) and polyethylene 
(half-filled circles). It will be seen that these two 
materials exhibit quite distinctive behavior except at 
the lowest elongation; for this reason they were 
omitted from all of the calculations 

The results of this study may be summarized as 
follows, First, it 1s evident that we can expect a 
fair success at predicting crease recovery from meas 
urements on the filaments. In this connection, a de 
termination subject to a probable error of estimate 
even as high as 10 can be very useful in screening 
new fiber candidates, and two-thirds of our probable 
errors were smaller than this. Next we note that, 
except for nylon and polyethylene, our predictions 
are more nearly correct when made from the work- 
recovery test at 5° elongation or from either type 
of test at 3° elongation.* Even with nylon and 
polyethylene included, the correlations are better at 


*It should be kept in mind that the present study in 
volved the sharp creasing of fabrics ] 


deformations were close to the maximum deformations et 


countered yn ordinary service 


Preliminary results of work 
in progress indicate that recovery trom mild wrinkling 
correlates best with fiber recovery from 1 elongation 


is to be expected 


80 
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40 


viscose~ 
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3* and 


nally, these data are not extensive enough to allow a 


elongation than at 1° elongation hy 


choice to be made between work-recovery and tensile 
recovery tests. The results thus far slightly favor 
using work-recovery data for the comparison 

The tendency 1s to favor the tensile recovery test 
because in a fabric it 1s really strain recovery and 
not work recovery which interests us. However, the 
argument against this is that a storage of work is 
needed in fabrics to overcome interhber friction in 
the recovery process Just how much storage of 
work is needed has not been computed directly. In 
our testing of single filaments we have observed that 
strain recovery is always yreater than the percentage 


of work recovered work recovery of 


For example, 
50°F is almost alwavs associated with tensile recovery 
of between 600 and 80% Whether or not more 
than 50° of work recovery is needed to overcome 
interfiber friction recovering OO-S8O% of the 
strain is a question which no one can answer at the 
present time. We believe that the correlation method 
will be extremely hel ful in settling this question of 
work recovery vs. strain recovery 

We have found only one report of a 
This work [4] 


relation of tensile strain recovery (at 50% elongation ) 


miilar study 


in the literature involved the cor 


with the crease recovery of fabrics treated with vari 
ous resins. It was found that a separate regression 
lime was required for each resin, and that with non 
diffusing resins the correlation was negative. This 
last finding is probably of no significance to a discus 


sion of homogeneous filaments, but it should aid in 
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interpreting the behavior of fibers which have a mac 
roscopic structure such as a skin-core arrangement. 

Ome further point should be made about the above 
study. This is that the fiber recovery measurements 
were all made on the filaments after weaving. If we 
are to save the time and « Xpense of weaving t ibrics in 
order to evaluate fibers we must find some way of 
predicting what changes of properties will occur im 
textile processing. This consideration applies to the 
modulus and compliance ratio as well as to the re 
covery, The solution might be some sort of simu 
lated carding, weaving, and finishing treatment which 
would cause a change im the properties of the fiber 


to those which obtain in the final tabric 


Re covery Results 


It has been stated by numerous workers that wet 
tests are to be preferred for fundamental studies of 
fiber properties. We do not disagree with this view, 
but feel that practical studies should be carried out 
at ordinary humidities \ccording ly, we chose to 
measure recovery at 60% and 90% RH. The tem 
perature was 21°C throughout 

Results of recovery measurements are given in 
Table IN The standard error is estimated to be 
about 3 for the work recovery results and about 5 
for the tensile recovery results. Some of these re 
sults are plotted in Figures 13 and 14 

Aside from the absolute level of recovery, per 
haps the feature of greatest practical interest in 
these results is the dependence of recovery upon 
humidity It will be noted that the two wools and 
sik exhibit an increase in tensile recovery as the 
humidity is ratsed from 60° to 90°). This increase 
for wool is not reflected to a high degree in the 
crease recovery of wool fabrics, although, im general, 
conditions which raise or lower fiber recovery also 
raise or lower fabric crease recovery In marked 
contrast to the behavior of wool and silk, the two 
synthetic fibers spun from protems exhibit a marked 


decrease im recovery at the humidity Stull 


another type of behavior is characteristic of nylon 
66, polyethylene terephthalate, and the vinyl poly 
mers, for which recovery is practically independent 
of humidity Phe recovery of all the cellulosic tibers 
deteriorates with rising hunndity throughout much 
of the elongation range, but at some elongation above 
4 or 50 a reversal takes place 


The above considerations are of great practical 


interest because conditions of high relative humidity 
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are fairly common, and it is precisely under these 
conditions that some materials become objectionable 
with respect to creasing and mussing 

Another interesting feature of these results is the 
fact that nylon, polyethylene, and cotton show rela 
tively littke decrease in recovery with elongation. 
It is probably no coincidence that these materials are 
all highly crystalline. None of the other materials, 
which show considerable decrease in recovery over 
the range of elongations studied, is more than moder- 
ately crystalline. It was indicated in the section on 
correlations of fiber recovery with fabric recovery 
that the regression lines which are characteristic of 
the other materials do not apply to nylon and 
polyethylene. A rough comparison of the recovery 
characteristics of cotton fabrics with the fiber re- 
coveries in Table IV indicates that they may not 
apply to cotton either If they do not, then the three 
materials with relatively horizontal recovery vs 
elongation curves are also exceptional in their fiber 
vs. fabric recovery relationships. Of course, this 
apparent connection may be indirect or it may be 
merely comeidence.’ There 1s no doubt, however, that 
an explanation of the somewhat peculiar behavior 
of nylon and polyethylene (and perhaps also of cot- 
ton) would materially advance our knowledge of the 


factors re sponsible for fabric crease recove ry. 


Summary 


1. This paper continues, in a more. quantitative 


way, the theme of an earlier paper |1| 


2. It is shown that fiber and yarn samples for re 
siliency studies should be botled-off before testing, 
since this treatment brings the fiber properties closer 
to what they would have been after weaving and 
finishing 

3. Type of resiliency is defined in terms of two 
factors, stiffness (measured by Young’s modulus) 
and diminishing modulus. The “compliance ratio” 
is proposed as a practical measure of diminishing 
modulus on the stress-strain curve 

4. The results of stiffness and compliance-ratio 
measurements are given for a number of fibers 
Wool is characterized by a relatively low modulus and 


h compliance ratio and silk by high stiffness and 


low compliance ratio. Nylon represents a third com- 
bination: low stiffness and low comphance ratio 

5. The type of resiliency of a synthetic fiber can be 
varied by its method of preparation. This variability 


is well iustrated by the cellulosic varns acetate rayon, 


| 
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textile viscose rayon, tire-cord rayon, and “Fortisan”™ 


rayon. 

6. Extent of resiliency is characterized by ability 
to recover from deformation Practical recovery 
tests are discussed, and the tensile strain recovery 
test 1s described 

7 The 15 second crease recovery of fabrics cor 


relates much better with fiber recovery tests at 3—5‘ 


elongation than with those at 1° elongation. The 


fiber tensile work recovery correlates a little better 
with fabric crease recovery than does tensile strain 
recovery as presently measured. 

8. Results of recovery measurements made at 605% 
and at 900? RH. are given. Wool and silk show an 
increase of recovery with humidity. Vinyl polymers, 
nylon 66, and polyethylene terephthalate are rela 
tively insensitive to humidity changes. The recovery 
of synthetic fibers made from proteins or cellulose 


decreases as the humidity 1s raised 


We 
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The Molecular Structure of Wool Keratin 


A. C. Goodings 


Ontario Research Foundation, Toronto, Canada 


Abstract 


Propertic the wool tber are consice 
diffraction measurements im particular i 


tions which are extensions of the proposed keratin 


Introduction 


The structure of wool is complex both in chemi 
cal composition and in the physical configuration of 
the molecules. Silk is very simple by comparison ; 
the protein fibroin has its amino-acid residues linked 
together in a straight-chain form, and these residues 
are largely those derived from the two simplest a 
amino acids, glycine and alanine. Keratin, on the 
other hand, ts built up in greater measure from amino 
acid residues of higher molecular weight, giving rise 
to longer side chains projecting from the main 
molecular chain 


acids which have been identitied im the hydrolvti 


\mong the IS different amino 


products of the keratin molecule, certain residues with 
reactive side chains, both acid and basic, as well as 
that from the sulfur-containing amino acid cvstine, 
occur with high trequeney 

spite thre comple xity of the problem considerable 
progress has heen made in the elucidation of the 
structure of keratin both from chemical and physical 
standpomts. In the latter connection, the use of X-ray 
diffraction technique, notably by Astbury and co 
Wool ts 


unique among textile fibers by virtue of its long 


workers, has proved a most valuable tool 


range elasticity, and Astburv [3] has been led to 


} 


propose a folded molecular structure m= which the 


main cham is potentially capable of sh 


than 100°) extension when unfolded and made to 


assume a fully extended state By mtroducing 3 
amino-acid residues imto a simple repeat of the folded 


structure, extending axially with the fiber over a 
distance of approximately 5.1.4., the prominent me 
ridional x-ray reflection which occurs at this distance 
is accounted for 


me af the implications of this structure are pointed out, and 


d the information given by density and x-ray 


to deduce the structural pattern in keratin 


and oth ed molecular configura 


) structure are advanced and discussed in con 


\ somewhat different approach to the problem of 
determining the molecular structure of keratin can 
be made by critical examination of certain other of its 
known physical properties—in particular, density 
together with x-ray data and stereochemical consid 
erations. The conclusions to be drawn from these 
arguments, which are discussed in this paper, lead to 
a structure for keratin differing from those previ 
ously advanced. By simple extension, the pattern 
may help to explain the structure of certain other 
fibrous protems, as well as the molecular configura 
tion assumed in states of contraction differing from 


the normal 


Density Considerations 


The density of dry silk has been found to be 1.353 
g. per ce. [10|. The positions of the x-ray reflec 
tions given by the crystalline regions of silk fit a 
unit cell, containing & amino-acid residues, which has 
the following dimensions: = 99A., b = 6.95A,, 
B 


therefore equal to 74.5 x 10°** ce 


76°40". The unit residue volume 1s 
Phese crystalline 
regions are probably composed largely or entirely of 
glycine and alanine residues [7] (possibly including 
some serine), although in what proportion is not 
known. The mean residue weight for crystalline silk 
fibroin may reasonably be considered to be in the 
region of 64 (the mean for glycine and alanine), and 


+) 


i density of ervstalline silk would therefore be 


o4 64 & 1.65 
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where V is the Avogadro number. Although the den- 
sity so calculated relates to a crystalline region com- 
posed largely of glycine and alanine residues, it is 
probable that the density of a hypothetical crystalline 
structure containing all the amino-acid residues which 
are present in silk in the proportion in which they 
actually occur would not differ greatly from the above 
value of 142 g. per ce. The density of crystalline 
material will be lugher than that of the same material 
in an amorphous state, and a value of 1.42 g. per cc. 
for the density of crystalline silk is 50 higher than 
the actual fiber density, the normal silk fiber being 
composed of both crystalline and amorphous re 
gions. Despite the fact that silk may be fairly high 
in crystalline content—estimates indicating a crystal 
line content of about 40-60% [11]—the difference 
in density between amorphous and crystalline regions 
cannot be very large 

Confirmation of the value derived for the density 
of crystalline silk may be sought from consideration 
of the apparent density of the fiber in water. If all 
of the nonerystalline regions of the fiber were pene 
trated by water, the apparent density of silk in water 
would approximate the crystalline density. If pene 
tration is incomplete, the apparent density would be 
somewhat lower than the crystalline density, The 
actual value found for the apparent density of silk 
in water [10] is 1.426 g¢. per ce. The calculated value 
of 1.42 g. per ce. for the density of cry stalline silk 
is therefore probably close to this value but slightly 
on the low side. The effect of this would be to make 
the crystalline density slightly more than 5°% higher 


than the normal fiber density 


Nylon 


The density of crystalline nylon 66 is given by 
Bunn and Garner [8] as 1.24 g. per cc. The density 
of dry nylon filaments in the drawn state has been 
found to be 1.145, and of undrawn nylon to be 1.141 


[1]. Crystalline nvlon, therefore, has a density ap- 


i 
proximately 8.3% higher than that of the normal 
drawn nylon filament and 9.6% higher than that of 
undrawn nylon. The amorphous content of nylon 
is believed to be higher than that of silk, a content of 
65% having been indicated [1 The somewhat 
larger percentage spread between the crystalline and 
normal filament densities in the case of nylon than 


that calculated for silk is therefore not unexpected 


on 


The density of dry wool has been determined by 
King [13] and found to be 1.304 g. per ce. The den 
sity of crystalline wool protein is unknown, but it ts 
clear that it will be higher than the value for that of 
the normal fiber. The evidence ts that the erystalline 
regions of wool comprise only a small percentage of 
the total keratin material, and by comparison with the 
data for silk and nylon we may anticipate that crystal 
line keratin will have a density about 10°% to 15% 
higher than that of normal wool. It may also be 
pointed out that the apparent density of wool in wa 
ter given by King [13] 1s 1.3965 g. per cc., and, as 
stated in discussing silk, this value is likely to be a 
minimum for the density of crystalline wool keratin 
Whatever the precise value is, it can be assumed with 
reasonable certainty that it will fall within the limits 
of from 5% to 150% higher than 1.304 


tween values of 1.37 and 1.50 g. per ce 


that is, be 

The fact 
that wool has a cell structure (differing from silk 
and nylon in this respect) does not, of course, invali 
date the argument: what is being sought is the den- 
sity of a hypothetical wool fiber which ts identical in 
composition with natural wool but the molecules of 
which are arranged in an orderly manner which 
would conform to a crystalline state. The probable 
limits discussed within which the density of crystal 
line keratin should lie can, without more precise 
definition of the actual value, be made to serve sufh- 
ciently well for the present purpose 

In his extensive investigations on wool, Astbury 
{5| has differentiated between molecular configura- 
tion in the normal (a) state and in the stretched or 
extended (8) state. X-ray diffraction data show a 
clear distinction between the two, the strong meridi 
onal reflection in the former being at 5.144. and in 
the latter at approximately 6.74. Astbury has pro 
posed, with strong supporting evidence, a reversible 
intramolecular transformation from a folded configu 
ration in the a state to a # configuration approximat 
ing but not completely reaching the extended state of 
the chain molecule in silk. The carbon and nitrogen 
atoms which form the “backbones” of the main mo 
lecular chains are presumed to be coplanar for rea 
sons of the conformity of such a geometrical pattern 
with experimental evidence and with general con- 
siderations of structure having regard for the chemi- 
cal composition of keratin. The folding of the main 
molecular chains in normal keratin takes place in the 
plane of the “backbone” 


that is, at right angles to 


| 
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the protruding side chains, thereby not interfering 
with the space requirements of the latter groups 

In addition to the strong meridional reflection at 
5.14A., the photograph of a-keratin shows an intense 
area equatorially around 9.8A., which is attributed 
by Astbury to the side-chain spacing. No separate 
reflection which might correspond to a spacing at 
right angles to this—that 1s, to a “backbone” spacing 

is evident, In the case of @-keratin, equatorial re 
flections are given which correspond to about 9.7.4. 
and 4.654., interpreted by Astbury to be, respec 
tively, the side-cham spacing and a “backbone” 
spacing at right angles to this. The strong meridian 
reflection in B-keratin appears at approximately 
3.35.A., and has been concluded by Astbury to be a 
shortened form of the extended amino-acid residue 
which occurs as a 3.5A. value in silk 

Chemical analysis of keratin has as vet neither re 
liably accounted for the whole of the protein nor 
settled unequivocally the relative amounts of each 
amino acid present. Existing data are sufficiently 
good, however, to indicate a mean weight for the 
amino-acid residues of between 110 and 120, more 
probably nearer the hiyher value For the purposes 
of calculation required here, a value of 115 may be 
assumed, without being hkely to mtroduce any seri 
ous erroft 

If the unit cell in crystalline @-keratin is ortho 
rhombic, which is probable, and the single residue 
occupies a volume given by the space dimensions 
3.35A., 97A., and 4.65A4., as suggested by Astbury 
(2, 5] from x-ray diffraction data, the density of 


erystalline B-keratin would be 


115 X 1.65 
3.35 K{9.7 4.65 


The actual density of crvstalline keratin in the B 
form is not known, but considering the density of 
normal wool and the value of 1.353 g per ce. for the 
density of silk, we might suspect the above calculated 
value for B-keratin to be too low. This is probable, 
particularly in view of the fact that the “hackbone” 
spacing of 4.65.\. is less than that for the same spac- 
ing in silk and nylon, and it is not likely to be too 
high. An increase in the mean weight of a residue 
from 115 to 120 would raise the density to 1.31 g. per 
ce. but this would still be lower than would be ex- 
pected Among the few possihle causes for error 
which exist, doubt falls most heavily on the correct 


ness of the values tor the two lateral spacings 
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In the development of his proposed structure for 
a-keratin, it has been suggested by Astbury [3, 5] 
that the strong meridional reflection at 5.14A. re- 
sults from a repeat of 3 amino-acid residues which 
are folded in such a manner that they extend over 
this axial distance. If the folded configuration of 
the main chain is represented as a wave periodicity, 
the 5.14A. repeat corresponds to half of a wave 
length, and the full wave length of 10.28A. corre- 
sponds to one complete geometrical repeat of the 
folded structure. This its illustrated diagramunati- 
cally in Figure 1; 3 amino-acid residues in Astbury’s 
structure are contained in the molecular chain in 
passing from A to B 

The average axial distance occupied by a single 
residue would be 5.144./3, or approximately 1.71.4 
This value, taken in conjunction with the OBA. 
equatorial reflection and what has been deduced for 


the probable density of crystalline a keratin, permits 


5-14 A° 


10-28 A° 


| 
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an estimation of the undetermined lateral spacing 
The calculations for the two values of density which 
are regarded as probable upper and lower limits give 
the following results for this second lateral spacing 


3. 


1605 


115 X 1.65 


XL of = 755A. 


Such distances in the plane of the fold are too small 
to accommodate the proposed structure if adjacent 
chains are to be linked through hydrogen bridges, the 
value required being of the order of 9.3.A. Taking 
the value for density which is regarded as the lowest 
possible (namely, 1.37) and raising the average 
residue weight to 120, it is further necessary to re 
duce the side-chain spacing to a value of 9.1.\. in or 
der to provide a spacing equal to 9.3.4. at right angles 
to it. It would appear, therefore, that there is good 
reason to doubt the correctness of this structure 


Consideration of the Molecular Fold in Keratin 


In his extensive physicochemical studies of the 
wool fiber, Speakman [17] has shown that under 
conditions of slow loading a fiber in saturated air or 
water at room temperature can be made to extend 
from 50% up to as much as 70% before rupture oc- 
curs. Under suitable conditions, such as the applica 
tion of tension in the presence of steam, a wool fiber 
can be extended to a maximum of approximately 
twice its original length and subsequently, on removal 
of the stretching force, recover completely or con 
tract to a length shorter than the original. This lat 
ter phenomenon of supercontraction has been ex- 
tensively investigated by Woods and collaborators 
[5, 19, 20], and, as suggested by these investigators, 
some even more folded form of molecular configura 
tion than that which exists normally in the wool 
fiber is probably involved. The high reversible ex 
tension possible for wool differentiates this fiber from 
other textile fibers in their normal states and, as sug- 
gested by \stbury, is to be attributed to the folding 
and unfolding of the main molecular chains in keratin. 
Fibers such as viscose rayon, silk, and nylon, which 
have extended, straight-chain molecular configura 
tions, can, however, be stretched 25° and more, and 
under suitable conditions they exhibit remarkable 


powers of recovery. It has been shown in unreported 


work carried out in this laboratory, fo 
nvlon can be extended 29.5% and will 
recover to within 4 of its orign 
larly, Viscose rayon f ment wha 


stretched 23° im air recovered by sim 


in water to only 4° over its original 
in fact generally be stated that filaments such as ny 

lon, rayon, and silk, when stretched and allowed to 
recover in air, can be made to recover appreciably 
further by tmmersion in water, and there is reason 
to believe that deformations which have perhaps 
been regarded as permanent are in large part elastic 


extensions recovery from which ts blocked. Under 


suitable conditions the elastic-recovery forces can 
reassert themselves. In the case of wool, the exist 
ence of the phenomenon of supercontraction does not 
permit the recovery trom high extensions, such as 
those obtained in steam, to be ascribed to simply a 
reversal of the stretching process hat is to say, 
there must be doubt that the keratin returns only 
and wholly to an a@ configuration, duplicating a state 
in the fiber identical with that which originally ex 
isted Indeed. there is evidence that such is not the 
case, and extents of recovery from extension do not 
provide the best basis from which to draw conclu 


sions regarding a-8 intramolecular folding 


The fact that wool fiber under tably favorable 
conditions can be stretched to twice its original 
length, whereas other fibers such as silk, rayon, and 
nvlon can be extended only about 30°, sugyests, in 
agreement with Astbury’s conclusions, that a large 
part of the ability of wool to show long-range ex 
tension resides in an intramolecular folding. In 
view of the behavior of other fibers, however, there 
is no reason to assume that the whole of the total ex 
tension possible in wool is to be attributed to the un 
folding of molecular chaims 

| 


improbable 


Such is indeed highly 
It is much more probable that the con 
tribution of molecular unfolding to the maximum ex 
tension which it is possible to realize in wool—te 
approximately 100%—is of about the same order 
as that of the difference between this figure and the 
maximum extension possible in silk or nylon. This 
would suggest a rough value attributable to molecu 
lar uncoiling in keratin of about 70°. In this case, 
the average residue length in the folded a configura 
tion which when extended will account for a length 
of 3.35A. observed in B-keratin would be approxi 
mately 2.0A. In the axial repeat distance of 5.14.4 


which is exhibited in a-keratin by x-ray diffraction 
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photographs, the number of residues would therefore 
5.14 


2.57. Each amino-acid residue comprises 


3 main-chain atoms, and the probability indicated by 
the rough estimation of 2.57 residues is that the mo 
lecular chain corresponding to half of a wave length 


of the folded structure contains 7 or & such atoms 


Having due regard for bond angles, however, an 


even number of atoms in one-half wave length of 


the molecular chain would not provide a structure 
in which consecutive half wave lengths were sym 
5.144 


ind it 1s to be concluded 


metrical. In view of the strong meridional 
reflection, this is unlikely, 
as probable, therefore, that each portion of the fold 
corresponding to an axial distance of one-half wave 
length contains 7 main-chain atoms 

This conclusion might have been reached perhaps 
more simply in the following way The construc 
tion of a folded structure which ts symmetrical about 
its long axis requires that the total number of main 
cham atoms ina half wave length be odd. | Nine such 
atoms are equivalent to 3 amino-acid residues which 
in the straight-chain configuration of silk extend over 
LO.5A The 
bility of 9 main-cham atoms when folded to occupy 
104%. If 
the extension due to molecular untolding ts to be less 
than LOO, 


one-half wave length must therefore be 7, 5, or 3. 


an axial distance of potential extenst 


an axtal distance of is therefore 


the number of atoms to be considered in 


Five or fewer, however, are inadmissible because the 
distance occupied by 5 atoms in a fully extended pro 
tein chain can be only 6.1LA., which would not provide 
for an adequate amount of molecular extension 

atoms 


The configuration necessary to include 7 


of a polypeptide chain in an axial distance of approx 
SLA 
age axial spacing between, atoms im a straight chain 
is 121A 
whether or not there 1s hydrogen bonding between 
SLA 


quires 4 atoms Iving axially with the fiber, with the 


imately can be constructed readily The aver 


(or as small as 1.17.4., depending upon 
therefore re 


adjacent chains ) The distance 


remaining 3 lving in a more lateral direction Due 


observance ot the direction of valence bonds provides 


the molecular cham configuration shown m= Figure 
2. A complete repeat of the fold, which is one wave 
length, is shown marked trom \ to ©, and a half re 


\to B 
] 5A and the 


peat, or one-half wave length, is from 
Taking 


bond angles as 100 


interatonne distances as 


an approxinate calculation for 


xX sin ( 
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co 


RHC 


HN 


CHR 


CHR 


HN 


oc 


CHR 
NH NH 


CHR 


one-half wave length can readily be made as follows: 


) +4 15 sin ( 


09 7 
x sin = 5.25A. 


109 
) 


109 


? 


Nm 


? 


If the average axial interatomic distance is taken to 


be that found for silk (namely, 3.5.4./3), the above 


RHC 
NH 
rote) co 
CHR 
RHC 
| 
ms 
co 
co 
|| 
co 
CHR 
NH 
co-------1£ 
HN 
NH | 
| co 
CHR 
|__| 
CHR 
co 
oc 
NH 
Fic. 2 The tolded configuration of the 
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calculation gives a value of 5.02A. It is apparent, 
therefore, that some form of this configuration is not 
unlikely to meet the necessary requirement of the 
prominent meridional reflection shown by x-ray dif 
fraction photographs. This will be discussed with 
greater regard for stereochemical accuracy later in 
this paper. 


The Structural Pattern in Wool Keratin 


The number of amino-acid residues in the portion 
of the molecular chain equivalent to one-half wave 
length is 244. Since it has been concluded that the 
density of crystalline a-keratin will fall within the 
limits 1.37 to 1.50 g. per ce., and that the structure 
is orthogonal, the area (L-L’) associated with each 
molecular chain in a plane at right angles to its 
lengthwise direction can therefore be calculated : 


LXL’x514x 108° 
whence = 62.8A.2: 


or, for the higher value of density, L-L’ = 57.442 

The lengths L and L’ are to be regarded as the 
lateral side-chain and “backbone” spacings, and 1f 
the value of one of these is 9.8A., the value of the 


(A) (8) 
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other must be between 6.44, and 5.9A. In view of 
the work of MacArthur [15], in which the strong 
area around YSA. on the diffraction photograph 
shows a strong component at 92A., the calculated 
value for the second spacing might conceivably be 
raised to as high as OBA. If it is accepted, in ac- 
cordance with Astbury's suggestion, that the O.8A. 
(or 9.24.) value is the side-chain spacing, then this 
second spacing must be that in the plane of the 
“backbone.” he width of the deduced folded mo 
lecular structure in this plane, considering only the 
main-chain atoms, is, however, in the region of 5.44 
In order for hydrogen bonding to oceur, a distance 
of roughly 4A. is required between the carbon and 
mitrogen atoms of carbonyl and imino groups of ad 
jacent chains. It is clear, therefore, that in order 
for adjacent folded chains to be fitted together 
within an average distance of G.SA. or less, and at 
the same time allow sufficient space for the formation 
of hydrogen bonds, the molecular pattern would have 
to be one in which the folds pack within each other 
after the manner shown in Figure 3A, rather than 
occupy the maximum space necessary for an associa 
tion of the kind depicted in Figure 3B 

\rrangement of molecules at the required distance 
apart according to pattern A or at positions inter 
mediate between A and B does not, however, provide 
a positioning of atoms suitable for hydrogen bonding 
to oceur, and is therefore improbable. The alterna 
tive conclusion to be reached is that the wider spac 
ing corresponding to the strong area sown in x-ray 
diffraction photographs around Y.8A. cannot be a 
side-chain spacing but must itself be the “backbone” 
spacing—that is, the spacing between molecular 
chains in a direction at might angles to the side chains 
To accord with a structure of the type B, with adja 
cent chains linked together through hydrogen bonds, 
the mean “backbone” spacing would have to be ap 
proximately 5.4.4. plus 4A., or in the neighborhood 
of 

The relative position of similar atoms in the chains 
of the molecular pattern introduces a number of pos 
sibilities to be considered. Directing attention to the 
vertical plane containing the “backbones” of the 
molecules, a nitrogen atom, for example, may 0c 
cupy one of three positions in relation to a nitrogen 
atom in the adjacent chain; the sequence of the car 
bon atom which carries the side chain, the carbonyl 
carbon, and the nitrogen may be the same or re- 


versed in adjacent chains; alternate chains may be 


| 
| | 
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identical, or the lateral repeat of the pattern may take 


place over 6 molecular chains. In the latter case the 
atoms in lateral planes repeat over every 3 molecu- 
lar chains, the first and fourth, second and fifth, third 
and sixth being identical except for rotation around 
the chain axis through 180 Certain of these pos- 


sibilities can be discarded immediately by virtue of 
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the improbable structures to which they give rise, 
and others may be rejected on grounds of incompati- 
bility with experimentally known facts. The promi- 
nent 5.14A. meridional spacing in a-keratin, for ex- 
lateral 
Each 


such plane must, for example, contain side chains 
| 


ample, would suggest a pattern in which 


planes separated by this distance are similar. 


The structural pattern in wool keratin, 
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NH co CHR NH 
co RHC 
HN co RHC NH 
CHR HN of) RHC 
NH £9 CHR NH 
WR CHR NH co RHC co CHR nM 
/ 
oc HN 
CHR co CHR co 
— 
NM co. HR 
to Car \ yn Nu 
co CHR Nw co 
CHR HN co 
oc CHR HN pane) 


Jury, 1950 


If the molecular arrangement were such that alter- 
nate chains were identical, this would not be the case 
Of the four remaining possibilities which fall within 
the bounds of a pattern of reasonable repetitive sim- 
plicity, two are inadmissible because like groups from 
adjacent chains are brought together and no hydro- 
gen bonding can take place. The other two structures 
are simply mirror images of each other, and -in the 
present connection are therefore to be considered the 
same. The structural pattern to which they give 
rise, viewed in the plane containing the atoms of the 
main chains, is that shown in Figure 4. 


Further Consideration of the Proposed Structure 
of Wool Keratin 


The Lateral Spacings 


It has been pointed out that the width of the folded 
molecule in the plane of the “backbone” shown in 
Figure 2 is 5.4A., and in order for adjacent chains to 
be linked together through hydrogen bonds, the lat- 
eral space requirement of each molecule in this plane 
must be approximately 9.4.4. In addition to the se 
ries of planes spaced at this distance which would 
give rise to a strong equatorial reflection, other paral- 
lel planes arise from the proposed structure, among 
which it may be observed that a spacing approxi- 
mately 10.3.4. should also be strong, The average 
of these two approximates the O&A. value assigned 
by Astbury to this lateral spacing. Density consid- 
erations have indicated that the area occupied by a 
molecular chain in a plane at right angles to its long 
axis is between 62.8A.° and 57.442. li the “back 
bone” spacing is 9.4.\., the average side-chain spac- 
ing must therefore be in the range 6.7.4. to 6.1.4. 

It is of interest at this point to consider the lateral 
spacings in certain other fibers. In silk, these are 
4.954. and 4.45A. Polythene has lateral molecular 
space dimensions of 3.70A, and 247A. In nylon 66 
the “backbone” spacing is 4+.8.\. and the side-chain 
spacing is 4.034. Where hydrogen bonding he- 
tween chains is possible, as in silk and nylon, the 
value of the “backbone” spacing is about 4.8A. or 
4.94. In polythene, where no hydrogen bonding 
can take place, a closer approach of the molecular 
chains results. The fact that the value 1s somewhat 
lower in nylon than in silk is probably to be at 
tributed to the fewer hydrogen bonds in the struc 
ture of the former fiber. In the extended 8-keratin, 


the x-ray diffraction photograph shows a spacing 
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4.65. not to be seen in the case of the normal folded 
configuration, and which has been attributed to a 
new “backbone” spacing formed in the a-8 transfor- 
mation. If there were considerable hydrogen bond 
ing between adjacent chains in the case of 8-keratin, 
the value of 4.65A. would appear to be slightly low, 
and indeed suggests, as will be discussed more fully 
later, that the amount of such bonding ts very limited 
In connection with the average side-chain spacing 
which has been calculated to lie in the range 6.7.4 
to 6.1A., no prominent equatorial reflection other 
than the heavy area around 9.8. appears on the a 
keratin photograph Ithough the atomic planes 
at right angles to the side chains would not be ex 
pected to give rise to as intense reflections as those 
evidencing the “backbone” spacing, the absence of 


any readily recognizable reflection corresponding to 
a side-chain spacing would suggest that uniform spac 
ing of the side chains does not exist The distance 


between 2 molecular chains which are jomed together 


through a cystine bridge is approximately 7A. The 
number of cystine amino-acid residues in wool kera 
tin is of the order of 1 in 9 or 1 in 10 of the total, 
and it is clear, therefore, that a wide deviation of the 
average side-chain spacing from the value of 7A. is 
improbable. Where no covalent linkage of the type 
of cystine exists between adjacent main chains, the 
latter, dependent upon the size of the side chains, 
tend to approach more closely, as shown by corre 
sponding values for silk and nylon. The largest side 
chains in wool are those resulting trom the amino 
acids arginine, lysine, glutamic acid, and tyrosine, 
7A., 


and 54%4A., respectively. The largest of these, lysine, 


which have lengths approximating 6! 


accounts, however, for only about 2 residues in every 


100. Glycine, alanine, valine, leucine, serie, threo 
nine, and aspartic acid together comprise approxi 
mately 55° of the total number of residues present 
in keratin, and these amino acids have relatively short 
side chains. The probability is, therefore, that the 
side-chain spacing of 7A. required by cystine is a 
maximum, and closer approach of main chains will 
occur provided large side groups from 2 molecules 
do not give rise to hindrance by falling together at the 
same position. Some variation in the spacing be 
tween main chains in the plane of the side chains 
would, in addition to explaining the lack of any 
evidence of this spacing on an x-ray diffraction photo 
graph, result in an average value somewhat less 


than the 7A. maximum necessary for the cystine 


— 
| 
| 


462 


linkage 


Density considerations indicate this to be 


the case, and the cystine bridge is to be regarded as 
forcing the chains slightly further apart at intervals 
It follows also that in the proposed structure salt 
linkages of the type postulated by Speakman [18] 
are inadmissible, at any rate in a crystalline region 
\ salt linkage between glutamic acid and arginine, 
for example, calls for a space requirement of the or 
der of 124A. 


fiber as a whole and the relatively 


Having regard for the density of the 
small difference 
between the densities of amorphous and crystalline 
regions, that any side spacings of large magnitude 
exist in wool at all would appear to be improbable, 
and, indeed, impossible except to a very limited ex- 
tent. The possibility of linkages between free amino 
groups of diamine acids and carbonyl groups of the 
main chain, and of carboxyl groups of dicarboxylic 
acids with imino groups, cannot, however, be over 


looked 


The Axial Repeat 


In order for any proposed structure to be satisfac 
tory it must be capable of explaining in 


terms of 
known stereochemical facts the repeat which occurs 
longitudinally along the molecular axis at 5.144. Al 
though the proposed folded configuration of the mo 
lecular chain has been shown to give rise to a repeat 
(half wave length) approximating this distance, more 
critical examination can suggest further detail in the 
structure. The values which are quoted below are 
based on stereochemigal calculations using bond an- 
gles equal to the tetrahedral angle, a C—-C inter 
distance of 1.54A4., a C-——N interatomic dis 
N equal to 1.260A. 


In a fully extended polypeptide chain with no 


atomic 
tance of , and that of (¢ 
hydrogen bonding between adjacent chains, the axial 
distance occupied by one amino-acid residue is 3.65.4 
In silk, where hydrogen-bond formation occurs, the 
residue length is found to be 348A. It has been 
pointed out by Huggins [12] that in order for the 
imino hydrogen to lie in the plane of the “backbone” 
atoms and to participate in hydrogen-bond forma 
tion, it is necessary that a double bond be substituted 
for a single bond between the carbonvl carbon and 


the adjacent imino nitrogen shows that 


it is to be expected that the 


Huggins 
electron distribution 
would correspond to a state of resonance between 
(a) and (b) of Figure 5, and the hydrogen-bonded 
structure of an extended protem chain may be de 
Using 1.26.4 


picted as in Figure 5(c). for the dis 
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tance between double-bonded C and N 


bond, the calculated axial distance occupied by one 


atoms in- 
stead of for the same atoms with a single 
amino-acid residue is reduced from 3.65A. to the 
value of 3.48A., which 1s actually found for silk. It 
is justifiable, therefore, in further calculations on 
keratin structure to associate this reduced length of 
an amino-acid residue with the presence of a hydro- 
gen bond, or, alternatively, to assume that a hydro- 
gen bond should result in a decrease in the length 
to 3.48A, 

In the folded keratin structure shown in Figure 2, 


of an amino-acid residue from 3.65.4 


the complete repeat of the molecular pattern occurs 
over a distance equal to 3 wave lengths, or 14 amino- 
acid residues. For purposes of calculation this com 
plete repeat may be considered to consist of 6 amino- 
acid residues lying axially with the molecular chain 
and © portions of a polypeptide chain, each contain- 
The 


axial distance occupied by these latter 4 atoms varies 


ing 4 atoms, lying in a transverse direction. 


slightly, depending upon the order in which the car- 
The 
values for the three possible arrangements of these 
are 1.64A., 1.65A4., and 1.58.4., and in the complete 


repeat each appears twice. 


bons and nitrogens are involved. calculated 


Of the 6 residues lving 
axially, 4 are capable of engaging in hydrogen-bond 
formation (See Figure 4). The total distance axially 
occupied by the 14-residue repeat is therefore : 


2(1.64 + 1.65 + 1.58) + 4 xk 3.48 + 2 x 3.65, 

or 30.96A., or an average of 5.16.\. for the half wave 
length of the molecular fold. The close correspond- 
ence of this value with that recorded by x-ray dif 


fraction suggests a correctness in the positioning of 


H R 
ee 
R RHC CHR 


0. H a (c) 
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the hydrogen bonds as well as in the basic structural 
configuration of the molecular chains. Distortion of 
the main chains out of axial planes transverse to the 
side chains due to a variable side-chain spacing would 
have a shortening effect on the axial repeat. It can 
be calculated, however, that if the side-chain spacing 
varied from 7A. at the cystine linkages to a minimum 
of 4.5A. between them, the influence on the average 
axial spacing would not exceed 0.6%. 

It has been pointed out that the complete repeat 
of the molecular pattern, taking into consideration 
the type and position of the main-chain atoms, ex- 
tends over 14 amino-acid residues, and each half 
wave length of the folded a-keratin structure contains 
244 residues. The strong reflection shown by x-ray 
diffraction photographs at a meridional spacing of 
5.14A. is not to be sought in a single molecular chain 
but is to be found in the repeat of the structural pat- 
tern, viewed both axially and laterally. From an ex- 
amination of Figure 4 it will be seen that there is a 
series of planes at right angles to the axial direction 
of the molecules which have similar groups repeating 
over a unit of 3 molecular chains. It has been pointed 
out by Astbury [5] that a small diffuse spot from a 
lateral spacing around 27 = 2A. is evident, which 
would indicate such repetition in groups of three 
Equidistant lateral planes, corresponding to the 
5.144. axial spacing, occur at the position of every 
atom in the main chain, and a strong meridional re- 
flection is therefore to be expected, Other weaker 
meridional reflections are also possible, and it is to 
be noted that reflections of lesser intensity observed 
by MacArthur [15] in his detailed study of porcu- 
pine quill—e.g., 6.16A., 1044A., 12.35A.—can be 
readily identified in the proposed structure. 


The Extended State (3-Keratin) 


When wool fibers are stretched, a structural trans- 
formation begins to be evidenced in x-ray photo- 
graphs at about 20% fiber extension; the reflections 
intensify and become progressively more clearly de- 
fined as high fiber extensions, of 70% or 100%, are 
reached. A new meridional spacing of 6.7A. and an 
equatorial spacing of about 4.65. which is not pres- 
ent in the case of the unstretched fiber result from 
this transformation. 

The structure of a-keratin discussed here would 
suggest that stretching would result in rotation in 
each half wave length of that part of the molecular 
chain which hes transverse to the molecular axis 
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This would involve 4 atoms rotating as a unit. In- 
ability, for reasons of steric hindrance, to rotate 
through the full 180° required to bring all the main 
chain atoms into one plane would cause the average 
axial distance occupied by each residue to be shorter 
than that found for silk. The 6.7. meridional re- 
flection in B-keratin would, as suggested by Astbury, 
appear to be a shortened form of 2 amino-acid 
residues. 

It can be assumed that the side-chain spacing pre- 
sent in a-lseratin, stabilized as it is by the numerous 
cystine linkages, will be retained in the stretched B- 
keratin state. The new lateral spacing of 4.05A. 1s 
of the order (slightly less) to be expected for a 
“backbone” spacing from polypeptide chains linked 
through hydrogen bonds. Although on stretching 
a wool fiber the first evidence of the @ structure is 
exhibited at about 20°) extension, the fact that x-ray 
photographs become progressively stronger in 
keratin reflections as the extensions are increased 
clearly indicates that the @-8 transformation in the 
fiber is a discontinuous process. There is good rea 
son to believe, therefore, that both old and new “back- 
bone” spacings should be evidenced by x-ray diffrac 
tion. Whether or not transformation to the # state 
is necessarily accompanied by a reduction in the 
“backbone” spacing between adjacent chains, or 
whether some chains in the crystal may assume an 
extended configuration without drawing closer to 
gether, is uncertain. Some diminution in the inten 
sity of the larger lateral spacing is, however, to be 
expected as stretching proceeds 

The fact that the new lateral spacing of 4.65, is 
somewhat less than the “backbone” spacing in silk 
and nylon is itself of interest. It has been pointed out 
that where no hydrogen bonding can occur, as with 
polythene, there is a closer approach between adja 
cent chains than would be the case if hydrogen 
bonds existed. In silk the “backbone” spacing is 
slightly larger than in nylon, and the number of hy- 
drogen bonds for the same length of molecule is 
greater. Each residue in silk participates in hydro- 
gen-bond formation, as shown by stereochemical cal 
culation of its length, although it is not certain 
whether or not each imino and carbonyl group ts di- 
rectly involved after the manner depicted in Figure 
5(c). More probable, perhaps, is an arrangement in 
which hydrogen bonds, one from each residue, al 
ternate on either side of the main chain, giving rise 


to one bond between a pair of chains for every 2 


This 


there be | bond between adjacent chains for every 


residues latter arrangement requires that 
6 main-chain atoms. .In-nylon there may be,2 bonds 
between adjacent chains for every 14 main-chain 
atoms, being unevenly spaced at 6 and 8 atoms apart, 
but possibly there may be only 1. In the proposed 
structure of a-keratin 2 hydrogen bonds occur in 
every 42 main-chain atoms, and these are unequally 
spaced at 12 and 30 atoms apart. The low value of 
the “backbone” spacing in 8-keratin would sug 
gest that few hydrogen bonds exist in the plane of 
the “backbone” as it is formed, lending support to 
the view that rotation around the valence bonds in 
the a-8 transformation is prevented from attaining 
a full 180 It may be pomted out that even if ro 
tation were complete and all possible hydrogen bonds 
were formed, the structure of 8-keratin would still 
differ from that of silk with respect to the positions 
of atoms im adjacent molecular chains and to the 
disposition of the hydrogen bond 

In connection with the a-8 transformation it should 
also be noted that if the side chains in a-keratin are 
disposed alternately on either side of the main chain, 
the rotation of a portion of the chain necessary for 
an extended configuration would result in the side 
chains adjacent to the bond of revolution being made 
to point im the same direction. 


Contraction in Protein Fibers and Additional 
Folded Configurations 


Recognizing that folded molecular-chain struc- 


tures are possi! 


te, it might be anticipated that pro- 
teins which normally exist in an extended configura 
tion could, under the right conditions, be induced to 
assume some folded state, with attendant contraction 
in length, Farrell [9] in 1905 published his obser- 
vation that silk filaments when treated with strong 
hydrochloric acid could be made to contract about one 
third of their original length. Sinular and more ex- 
tensive observations on this behavior of silk have 
since been made by other investigators [6, 16]. In 
this laboratory it has been found possible to effect 


contractions in silk filaments up to as high as 60% 


of their original length, and in the case of one fila- 
ment a value of 70% was recorded. Using different 
acid reagents at various concentrations, it has been 
observed that there is a tendency for contractions to 
approach certain definite levels rather than for the 
values to be merely random. Two of these levels 


which have been observed by us contorm to values 
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quoted in the literature by other observers—namely, 
27% contraction [6] and 46° contraction [16], a 
third notable one being around 39°. Further details 
of these contraction experiments on silk will be given 
ina later paper. The ability of wool fibers to con- 
tract to less than their normal length has been exten- 
sively investigated by Woods and colleagues [19,20], 
and similar contraction phenomena have been studied 
by Asthury [4] for myosin. The conclusion reached 
by these authors is that protein chain configurations 
can exist in a higher state of folding than that of 
normal keratin 

It 1s of interest to consider sonie geometrical ex 
tensions of the folded structure suggested here as 
being the normal keratin configuration. The number 
of atoms disposed axially in one repeat is maintained 
constant and those positioned transversely are va- 
ried in minimum steps. In Figure 6 is shown the 
fully extended molecular chain (A) and the first 
four types of fold ((B) to (E)). For the sake of sim- 
plicity and clarity, the carbon to which the side chain 
is attached is marked R; the carbonyl carbon, C; and 
the imino mitrogen, N. The first possible folded con- 
figuration is that shown in (B), which, allowing for 


hvdrogen bonding, has a half wave length of 4.35A. 
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Type (C) is that sugy 


gyested for normal keratin, the 


half wave length being 5.164. Type (D) is the next 
extension of the number of atoms in the fold lying 
laterally, and has a half wave length of 5.85.4 
in type (E) the value is 6.704, 


. while 
In connection with 
long folds, it 1s doubtful whether or not geometrical 
exactitude would be maintained and the possibility 
of a closer approach of the laterally placed chains 
would not appear improbable. Such an effect would, 
of course, give rise to much higher contractions than 
would occur with a rigid structure of the kind being 
considered. Type (D) differs from the other three 
by virtue of having similar atoms repeatedly falling 
at the innermost part of the fold in any one molecular 
chain, and the arrangement shown in Figure 6(D) 
is one of three which are possible. The contrac 
tions from the fully extended form (A) to the other 
configurations (B), (C), (D), and (E) may be 


calculated approximately from the formula 


2n — 6 


Contraction = 
3n 


where n is the number of main-chain atoms in one- 
half wave length of the fold. The percentage con- 
tractions calculated for (B), {he 1), and ( IE) are 
27%, 38%, 44% The cor- 
responding figures for potential extensibility from 


, and 489%, respectively. 


the folded to the fully extended configuration (A) 
can be calculated from the approximate formula 


- values of 36.59%, 61%, 80%, and 94% for 


n + 
(B), (C), (D), and (IE), respectively, are obtained 

It will he observed that the contraction values for 
the different configurations bear a striking similarity 
to the contraction levels observed for silk under the 
influence of acid reagents. Recently Kratky, Schau- 
enstein, and Sekora [14] have reported the existence 
of an unstable lattice in silk fibroin which provides 
an x-ray photograph differing from the normal. The 
strong meridional reflection given by this newly 
found lattice corresponds to a spacing of 4.5A. Ina 
structure similar to type (B) (Figure 6), but with ne 
hydrogen bonds between adjacent chains, the calcu 
lated half wave length fluctuates between the values 
4.444. 4.4604., and 4.524 


of occurrence of the atoms in the chain. 


, depending upon the order 
A strong 
meridional reflection would therefore occur around 
the mean value of 4.47.A. It is pointed out by Kratky 
and coworkers that the unstable silk lattice gives 


x-ray reflections very similar to those reported by 
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Astbury for actin, and the possibility that this latter 
protein conforms in structural pattern to molecular 
chains having a type (B) contiguration appears to 


be reasonable 


Discussion 


soth straight-cham and folded conhgurations are 


exemplitied by naturally occurrmg proteims, and it 


is possible, under suitable conditions, to transtorm 


one configuration into some other. This change may 
be either to a simpler form, as in the stretching of a 
normal wool fiber, or to one more complex, as m the 
case of supercontraction, The question arises as to 
why some proteins like silk adopt an extended chain 
configuration, while others such as keratin prefer a 
folded structural pattern. Some light may be thrown 
on the matter through the following considerations 

In the case of silk fibroin the groups forming the 
side chains are very largely nonreactive \djacent 
molecular chains can be linked together in the plane 
and the 
number of bonds in fibroin, spaced at close intervals, 


of the “backbone” through hydrogen bond 
is large. If folding occurs in a protein, a lesser num 
ber of hydrogen bonds must be operative, because ot 
either some other stronger tendency or a reduced 
ability to form such bonds. Differences between pro 
teins which bear on this must have their origin in the 
composition of the amino-acid residues—that 1s, im 
the nature of the 


side chains. Size or weight of a 


side chain 1s not likely in itself to be of primary 1m 
It has been 


suggested in the discussion of lateral spacings that 


portance, but its reactivity is important 


linkages may occur between carboxyl yroups present 
in the side chains and imino groups of adjacent main 
chains, and also between side-chain amino and main 
Such honding 


fectively prevent participation of the involved car 


chain carbonyl groups. would ef 
bonyl or imino group in hydrogen-bond formation, 
including also the nitrogen or carbon adjacent to the 
reacting group. It is possible therefore that freedom 
of a protein molecule to assume a folded configuration 
may be associated with its reactive side groups, and 
suggests that the differences in the normal structural 
pattern of different proteins may perhaps be corre 
lated with differences in chemical composition, pat 


ticularly the dicarboxylic and diamino acid contents. 
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Measurement of Friction Between Single Fibers* 


V. Frictional Properties of Viscose Rayon Staple Fibers 


Bertil Olofsson and Nils Gralen 


Swedish Institute for Textile Research, Gothenburg, Sweden 


Introduction 


In a previous communication by Gralén and 
Olofsson [2] a description was given of a new ap- 
paratus for the measurement of single-fiber friction, 
its construction, and theory. Some preliminary 
results were also given. 

In the case of wool fibers a very great dispersion 
of the separate readings was found, as regards anti- 
scale friction. The reason for this is that relatively 
small differences in the height and the shape of the 
scales can give rise to rather large differences in 
friction. Smooth fibers give less dispersion of the 
values. Using the stick-slip apparatus is more 
time-consuming and laborious than using the twist 
friction meter described by Lindberg and Gralén 
[6], but in other respects the former has some ad- 
vantages over the latter apparatus. Firstly, the 
distribution of the load on the contact surface is 
better defined; secondly, the form and area of the 
fiber cross section certainly does not influence the 
precision of the measurements; thirdly, rather short 
fibers can be used 

As pointed out [2], we intended to compare the 
frictional properties of different fibers with their 
spinning qualities. First we wanted to determine 
the effect of treatments with different auxiliaries 
on the fiber frictional properties. The present 
communication gives a survey of our work on 
viscose rayon fibers. 


Experimental Procedure 


The method of measurement has been completely 
described in [2]. Usually, no photographic re- 
cords were taken; these curves would always have 
the ordinary saw-tooth shape. Instead, slip and 


* Parts I-IV of this series appeared in the September, 1947, 
May, 1948, August, 1948, and April, 1949, issues of TextTiLt 
RESEARCH JOURNAL, and also in issues No. 3 (1947), No. 6 
(1948), No. 8 (1948), and No. 10 (1949), respectively, of the 
Proceedings of the Swedish Institute for Textile Research. 
Part VI follows in this issue. 


brake points were observed directly. From these 
values the static and the kinetic (the word “kinetic” 
is more nearly adequate than the word “dynamic,” 
which was used in [2]) frictional coetticients 
(u, and uw.) were determined. In order to obtain 
figures for load dependence, measurements were 
always made at the nominal loads 30 mg. (corrected 
normal pressure, 27 mg.) and 51 meg. CV 
48 mg.). In special cases a still greater range of 
loads was used. Depending upon the dispersion 
of the values, at least 4 pairs of fibers were meas- 
ured in both directions of movement for each kind 
of treatment. We used uniform fibers about 20 
microns in thickness and about 30 cm. in length. 
These were obtained from Svenska Rayon AB, 
Alvenis, Sweden 

We have collected the following information 
about the different finishing agents. 

Vapoline in oil consistency is an anion-active, 
brown, 100°) oil from a mineral oil base. It has no 
water content and no free fatty acid. it is emulsi- 
hed with pure water at 70°C and is easily washed 
away. 

Vapoline 300°) is cation-active, has salve con- 
sistency, and is easily emulsified with water at 
70°C. 

Perma Par R is a light salve, a cationic acetate 
of a substituted secondary amine. It gives a 
faintly opalescent, slightly acid solution in water 
at 70°C. 

Velvamine K 90°, is a light, anion-active salve, 
a fatty-acid amine that gives a clear, alkaline solu- 
tion with water at 80°C 

Vetcol M 50, a light vellow, faintly alkaline salve, 
is an organic condensation product, containing no 
soap. 

Veicol S is a nonionic polymerization product 
which gives an opalescent, neutral solution in 
water. 


Spinol + triethanolamine 


| 
| 
i] 


rABLE IA 


Finishing agent Handle 


None 


Coarse, crunching ( 
Vapoline oil, 0.5% Soft 
Vapoline 300%, 1% Soft ( 
\ apohine 300%, 0.5% Soft 
Perma Par R, 1% Soft ( 
Perma Par R, 6.5% Soft ( 
Velvamine K 90%, 1% Soft ( 
Veiwol M 50, 1% Sott { 
Veicol S, 0.25% Coarse, crunching ( 
Spinol + triethanolamine, 0.5% Coarse, crunching ( 
Varkaus, 1% Crunching ( 
Sodium soap, 0.5% Soft ( 
Kerosene, direct application Crunching ( 
Pendulum oil, direct application Soft ( 
Woolrex, direct application Crunching ( 


TABLE IB 


FRICTIONAL 


Finishing agent Ms ja 


None 0.327 0.189 
Vapoline oil, 0.5% 0.373 0.300 
Vapoline 1% O.16§8 0.113 
Vapoline 300%, 0.5% O.181 
Perma Par RK, 1% 0.156 0.098 
Velvamine K 90%, 1% 0.179 0.108 
: Vewol M 50, 1% 0.220 0.130 
Veicol S, 0.25% 6.355 0.165 
Spinol + triethanolamine, 0.50% 0.316 O.158 
i Varkaus, 1% 0.355 0.230 
Sodium soap, 0.5% 0.365 0.212 
; Kerosene, direct application 0.334 0.167 
5 Pendulum oil, direct application O.185 0.105 


Woolrex, direct application 0.298 0.232 


TABLE ILA 


INFLUENCE OF HuMiprry 


Relative humidity 
Fiber (% 


Fiber treated with Perma Par R, 1% 50 


as 
89-90 


100°, (wet fiber 
Crunching rayon 65 


87 


TABLE IIB 


INFLUENCE oF HuMiptry 


Relative humidity 


Fiber (% 


Fiber treated with Perma Par R, 1% aU 0.156 


65 

‘O.173 

8990 0.277 

100°) (wet tber 0.283 

Crunching rayon 65 0.444 


87 


Finex Friction Corrricients Usinc Diererent 


ON FRICTIONAL 


343 
1386 
1.194 
1.167 
1.145 
190 
).228 
1356 
1.317 
1371 
1.369 
).338 
).204 
1307 


Proverties Usinc DierERENT 


Ma 
O.098 
0.096 
0.100 
0.144 
0.206 
0.28? 


FINISHING 


0.199 
0.314 
O.114 
0.120 
0.096 
0.086 
O.114 
0.138 
O.165 
0.165 
0.242 
0.217 
0.172 
O.179 
0.244 


FINISHING 


ON Friction Coerricients 


0.096 
0.101 
0.101 
0.144 
0.145 
0.212 


PROPERTIES 


AGENTS 
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Me 
0.320 
0.360 
0.157 
0.167 
0.144 
0.168 
0.211 
0.353 
0.3 
0.361 
0.329 
0.166 
0.288 


AGENTS 


0.138 
0.073 
0.052 
0.064 
0.063 
0.071 
0.090 
0.190 
0.158 
0.125 
0.153 
0.167 
0.020 
0.006 


O.144 
O.151 
0.1608 
0.275 
0.278 
0.442 
0.496 


0.063 
0.069 
0.073 
0.133 
0.139 
0 238 
0.230 


0.178 
0.285 
O11 
0.113 
0.089 


0.102 
0.122 
0.165 
O.151 
0.218 
0.207 
0.162 
0.150 
0.220 


Me 


Ma 
Met 
0.27 
0.19 
0.21 
0.25 
0.25 
0.26 
0.33 
0.343 
0.21 
0.27 
0.33 
0.06 
O12 


0.089 
0.090 
0.099 
0.144 
0.143 
0.200 
0.279 


168 
(aS), (aS). 
O8 13 
1.6 1.8 
09 0.2 
O4 
14 O4 
14 Os 
1.1 10 
0.2 00 
20 1.5 
OS 0.6 
0.6 0.6 
2.4 1.8 
1.5 
0.167 
65 0.178 
| O.178 
0.279 
O.287 
0.528 
bs aS), aS + 
14 0.25 
0.26 
0.6 0 0.27 
O38 00 0.32 
06 0.33 
0.2 Os O37 
| 0.512 O4 20 0.29 
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PrABLE TIA. or Arrtication oF AGENT 
on Friction Corrricents (Berom 204 


Method of 


Emulsion, 30% 0.614 0.321 0.620 0.281 
Directly 0.620 0.354 0.605 0.309 


Varkaus is a Finlandic preparation containing 
olein + some amine. 

Sodium soap. 

Kerosene (refined petroleum) 

Pendulum oil is a pure, light mineral oil. 

Woolrex is a sulfonated spinning oil. 

Svenol is a sulfonated mineral oil. 

Beroil 204 is a mineral oil with emulsifving agent. 

The treatments with Vapoline, Velvamine Kk, 
Perma Par R, Veicol S, and Spinol were carried out 
at Alvendis. The samples were dried at 50°C for 


1.0 
x 
os 


0.6 
c 
° @ 
oO 
+x Static friction 
@@ Kinetic friction 
+ Beroit direct treatment 
x Extra tiquid applied 
0.9 
05 10 15 
Inversed value of the normal pressure (mg') 
Fic. 1. Relationship between pw and for fibers 


treated with Berotw 204. 
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TABLE LIB. Ineiurnce oF APPLICATION OF 
on Frictional Prorerties (Beron 204 


AGENT 


Method of 
appli ation Me Me ad), 
Emulsion, 30% 0.617 0.301 04 2.5 0316 O34 
Directly 0613 0332 O09 2.8 O281 0.30 


3 hours and were then transferred to a room of 
constant temperature and humidity, where the 
measurements were performed. Varkaus, Veicol 
M 50, and soap were applied from 0.5-1°¢ solutions; 
the various oils were applied directly. The results 
are given in Table |. 

It seemed to be necessary to investigate the in- 
fluence of some other factors on the frictional prop- 
erties. A wetted fiber generally gave higher 
frictional values than a dry one. We used fibers 
treated with Perma Par R to investigate the effect 
of varying relative humidity (Table I). 

Regarding spinning oils, it should be of interest 
to investigate the influence of concentration and 
method of application. 

Some fibers were treated in a 30°) water emulsion 
of Beroil, pressed, and dried (50°C). Other 
fibers were treated with this reagent directly 
(Table 

There is no difference between the two methods 
of treatment. However, because of the great 
difference between (aS), and (aS), (see Discussion) 
it was desirable to make a more careful study of the 
uwvs. N curves. For this purpose measurements at 
different loads (7—50 mg.) were made on one fiber 
which had been treated directly with Beroil 204 and 
then pressed free from superfluous liquid (series A) 
Then we added still more oil, so that small drops 
were seen on the fiber, and we made new measure 
ments (series B). The results (Figure 1) will be 
discussed later. With the spinning oi] Svenol, 
which gives a very high friction also, we investigated 
the effect of varying the concentration, One 
emulsion of 1°) and one of 20°) concentration were 
used (Table IV). 

The influence of the conditions of treatment was 
further investigated with preparations of Varkaus. 
This auxiliary was chosen because of its character- 
istic high static and low kinetic friction, which is 
accompanied by a typical “crunching” handle. 
Soap was more thoroughly investigated since it has 
about the same frictional constants as Varkaus has 
but gives a rather soft handle. As seen from the 
results (Table V), there are no remarkable differ- 


TABLE IVA. Ineivence of CONCENTRATION OF 
AGent on Friction Corrricients (SVENOL) 

0.478 

0.514 


Emulsion, 1% 
Emulsion, 20% 


PABLE 
AGENT ON FRICTIONAL 


oF CONCENTRATION OF 
Properties (SVENOL 


Me 
0.461 
0.498 


0.237 
0.236 


Me Ma 
0.224 
0.262 


Emulsion, 1% 
Emulsion, 20% 


ences between the soap and the Varkaus treatments. 
However, we to repeat the 
which had not been 
squeezed after treatment, and use a wider range of 
loads. The crunching effect of Varkaus was very 
great after this treatment, whereas the soap-treated 


thought it necessary 


measurements on rayon, 


samples were still very soft when they had been 
conditioned at 65°, R.H day. After 
storing both sets of samples for several days at 65°; 
R.H. the crunching effect seemed to be less pro- 


lor one 


TABLE VA. Comparison Between 


THE EFFECT 


OF 


Finishing 


Treatment agent 


Varkaus 


1% solution, pressed off 
and dried, measured 


immediately Soap 


1% solution, dried and Varkaus 0.484 


conditioned (65% 


KHL) Soap 0.459 


Same samples after 


Varkaus 


0.505 
storing 4-5 days 


(OS RH Soap 0.470 


PABLE VB. Comparison Between THE Errectr of 


Finishing 


Treatment agent 


Varkaus 


1% solution, pressed off 0.548 


and dried, measured 
immediately 


Soap 048) 


1% solution, dried and Varkaus 0.447 


conditioned (65% 

R.H.) Soap 0.440 

Same samples stored 
4-5 days (65% 


R.H.) 


Varkaus 0.457 


Soap O.412 


Textite 


nounced for the Varkaus-treated ones. And so 
another series of measurements was taken (Table 
V). 


Figure 2 gives average curves for the depend- 


ence of won 


1 
N 


Discussion of Measurements 
In [2 


] we proved the validity of the equation 
aS 
+ > 


N 


Mo 


where N = normal 


pressure, S = contact area, 


a constant, and = for «. 


Then we 
could use uw and aS (S is not measurable separately 
but a@S is almost constant in the region of our meas- 
urements) as characteristic constants, but because 
of the error of extrapolation we prefer using «= 


and uw” are the coefficients at 27 and 48 mg. normal 
pressure, respectively. Table | shows that samples 
treated with Vapoline 300°), Perma Par R, and 


Velvamine K 90°) all have about the same char- 


VARKAUS AND Sopium Soar on Fricrion Corrricients 


4s 


0.554 0.541 


0.489 0.475 


0.460 0.433 


0.246 


0.452 0.427 0.262 0.211 


0.477 0.436 0.336 0.284 


0.421 0402 0.250 0.226 


VARKAUS AND SopruM ON 


TIONAL Propt 


jhe 
0.261 
0.209 
0.206 
0.219 
310 


0.238 


470 | 
0.220 
Me 
(a5), ade 
‘ay 
ua 
Ve=7 17 27 V=7 17 27 48 
0.212 0.205 
7 
(aS), lade Me ~ Me Me 
08 09 0.287 0.35 
0.3 04 0.273 0.40 
16 0.181 0.25 
0.7 0.221 0.34 
2.3 2.5 0.147 0.19 
1.6 1s 0.174 0.27 
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acteristics: w, is 0.17, ~ 0.10, and — 
0.07. For untreated fiber, and fibers treated with 
Veicol S, and Spinol + triethanolamine, on the 
other hand, yw, ~ 0.32, we ™~ 0.18, and — 
0.14. Fiber treated with Vapoline oil has yu, = 
0.37, we = 0.30, and pw, — uw = 0.07. Thus, we 
can distinguish between three groups of treatments: 
(1) gs, we, and w, are all small; (11) y, is large, 
we is small, and uw, — ux is large; (IIL) uw, and wy are 
large and uw, — uw, is small. The effect of finishing 
agents should be to give the fibers good spinnability 
and a good handle; the handle can be very soft or it 
can be crunching. As seen from Table |, all prepara- 
tions belonging to group I give a soft handle, 
preparations of group II give a crunching handle, 
and Vapoline oil (group III) gives a soft handle. 
Thus, we suggest that this crunching effect is 
always accompanied by a large value of wu, -- uw 
and’ it can probably be explained as an acoustic 
effect: When the fibers move along against each 
other, the large value of yw, necessitates a rather 
When started, the slip 
will occur at a high velocity because the frictional 
force of movement (us) is small. 


large force for slippage. 


During this rapid 
movement the crunching sound, just as from a 
resined bow, is heard. 

The crunching effect is obtained [3] by using 
olein sulfonates which are treated afterwards with 
acid, or by using fatty-acid derivatives correspond- 
ing to the products Soromin SG or Sebosan GM. 


x 
+ 
04 
c 
~ ® 
x) 
+ Soap 1% Static friction » 
«Vorkaus 1% @@ Kinetic (friction 
9 
05 10 
Inversed value of the normal pressure (mg") 
1 
Fic. 2. Relationship between ys and ‘ for fibers 


treated with soap and Varkaus. 
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TABLE VI. Compartson Berween FrictionaL 
Corrricient, ReLative Viscosrry, AND 
Surrace TENSION FoR Some Liguips 


Liquid je jaa Relative viscosity Surface tension 
Water 0.40 0.21 1.0 72 
Kerosene 0.33 0.17 1.1 25 
Pendulum oi) 0.19 0.17 161.8 31 
Woolrex 0.30 0.23 165.2 
Bervil 204 0.61 0.33 137.1 0 
Svenol 0.50 0.24 67.6 


However, the relationship between crunching 
effect and chemical constitution does not seem to be 
clear. The cationic or anionic character alone 
of an auxiliary does not give specific differences, 
as is seen from the similarity between the cationic 
reagents Vapoline 300° and Perma Par R and the 
anionic reagent Velvamine K 90° The agent 
Veicol S, on the other hand, should give a crunch- 
ing effect because of its constitution. And tri- 
ethanolamine added to spinning oil is often the 
basis for “crunching” Varkaus gives a 
typical crunching effect, and it has a large value of 
Ms — Me 
some amine. 


agents 


Like Spinol, it contains olein plus 
Woolrex and Svenol, which are 
sulfonated oils, could be included in group Il. But 
pendulum oil, which is a pure mineral oil, should be 
included in group 1; it has an extremely small value 
of uw. — we. However, refined liquid paraffin (kero- 
sene), which has a nonionic character also, clearly 
We measured the viscosity 
of the different liquids with an ordinary Ostwald 
viscosimeter and got the values listed in Table V1 
There is a very large viscosity difference between 
paraffin oil and pendulum oil, and this difference is 
probably the reason for the frictional differences. 
Of the sulfonated oils, Woolrex has a_ viscosity 
which is more than twice that of Svenol, and Svenol 
has a w, value which is 1.7 times that for Woolrex. 
For the last two spinning oils listed in Table V1 the 
friction-viscesity relationship is of different form 
from that for the liquids of low viscosity. 


belongs to group II 


The surface tension was measured by means of a 
du Noiiy tensiometer, according to Harkins et al. 
{4}. 

As seen from Table VI, there is only small 
variation between the surface tensions of the differ- 
ent oils, but the frictional properties vary consider- 
ably. As seen from Table IVB, there is a small 
increase of u, when the concentration of Svenol has 
increased from 1°, to 20°], but this increase is not 


very significant. Concentration changes of 0.5- 


uf 


iy 


f 
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1°) give no changes in friction at all (Table IB). 
In fact, very small quantities of agent on the fibers 
are sufficient to change friction. According to a 
rough calculation [5] a cotton fiber should contain 
10°; soap in order to have its whole surface covered 
with a monomolecular laver, but calculations from 
irreversible absorption of direct dyestuffs give the 
considerably lower figure of 0.6°) (unpublished 
data by Lange). Some of the finishing agents are 
absorbed to 0.5-2) of the fiber weight; only 
spinning oils are present in a much greater quantity. 
Thus, a monomolecular layer is sufficient to affect 
friction. 

The influence of humidity is interesting lable 
IIB gives some measurements on fibers treated with 
Perma Par KK. Friction increases rather slowly 
when humidity increases up to 85-870) R-H. 
Then it increases very rapidly up to 100°, R.H. 
Also, for a “crunching ravon,” the friction increases 
in about the same manner. Extensive drving gives 
a rather high friction, which decreases on condition- 
ing to 65°), R.H. (see Table VB). 

In order to be assured that the friction-increasing 
effect of a spinning oil was not attributable to the 
method of application, we compared Beroil treat- 
ments made directly and those made in water 
emulsion after drying. As seen from Table IIIB, 
there is no noticeable difference. 

Special attention was paid to the ordinary soap 
treatment. Hf a O.5-1°, solution is used, a rather 
soft feeling of the fiber mass is obtained. But the 
frictional properties are typical for group I] agents, 
and are not very different from those of Varkaus 
Some samples were first treated with 1°, solutions 
at room temperature, the liquid pressed off, and 
the samples dried. Other samples were treated 
with the same solutions at 70°C and allowed to dry 
without pressing. In both cases the Varkaus 
samples gave shghtly higher values than the soap 
samples for static as well as for kinetic friction. 
However, the differences were not significative. 
\fter some days of storage at 65°, RH. the crunch- 
ing effect of Varkaus seemed to have decreased a 
little. The corresponding frictional effect was an 
increase of uw, and thus a decrease of yu, ur, Which 
agrees with our theory 


Me 
In the tables 
Ms 


is also calculated as a meas- 


ure of the relative difference between static and 
kinetic friction values This quantity is a little 
smaller for group | than for group II agents, and is 


still smaller for group [Il agents 
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Of special interest are the 


1 


curves of w vs. y These values are not very ac- 


slopes (aS) of the 


curate, but in some cases they may give valuable 
information. As shown in [2], a smooth viscose 
(aS),, and from this it was con- 
cluded that the kinetic friction is not much influ- 


fiber gives (aS), 


enced by small changes in velocity. If there is any 


1 
influence, the curve py, vs. y should differ in curva- 


1 
ture from the curve yu, vs. y because of the different 


average velocities and hence the different Me values 
for different loads. However, the values are not 
accurate enough to account for small devia- 
tions from straight lines. Therefore we can draw 
straight lines and use their aS values for some 
quantitative considerations. A large value of aS 
should mean that there are appreciable attractive 
forces between the fibers or an intimate contact 
between them. A small value of should 
mean that the surface forces are not very important. 
If the difference between (aS), and (aS), is large, 
we could presume that there are great differences in 
surface forces when the fibers stick together and 
when they slip. From Table IB we see that for 
the softening agents of group I (a@S), is > (aS),, 
which means that the fibers are not in such intimate 
contact when slipping as when sticking together. 
However, this relationship does not hold for the 
fibers of group Il. There (aS), is often larger than 
(aS),. This also may be related to the crunching 
ettect It is probable that this effect is associated 
with an intimate contact between the fibers during 
slippage. For Beroil the difference (eS), (aS), 
is very large (Figure 1). This could give a new 
view on the effect of this spinning oil. Although 
Mu, — Me IS VEOTYV great for the loads used here, this 
difference will decrease as NV decreases, owing to the 
magnitude of (aS), — (a@S),. The results for soap 
and Varkaus also give some interesting information. 
kor Varkaus as well as for soap (aS), ~ (aS),, but 
both (@S), and (aS), for Varkaus are actually 
larger than the corresponding values for soap. 
This may be an explanation for the absence of the 
crunching effect in the case of soap. When this 
effect is observed in practice, there are possibly 


very small normal pressures in action, and this is 
1 
N 
the w values are much Jarger for Varkaus than for 
soap (Figure 2). 


represented by the part of the uw vs. ., curve where 


| | 


| 

rubber 
mercury surtace 
fibers 
Fic. 3. Clamp for conductivity measurements, 


Measurement of Conductivity 


It is well known from industrial experience that a 
high humidity is necessary for drawing and spinning 
operations. As shown' here, the frictional coeffi- 
cients are not much influenced by humidity varia- 
tions up to 85°, R.H. The principal effect of a high 
humidity should be to increase the electrical con- 
ductivity of the fiber material, which raises the 
question of whether or not the finishing agents 
could change the electrical conductivity to such an 
extent that this conductivity becomes more impor- 
tant for the spinning qualities than the different 
frictional eftects. 

To investigate this we made two special metal 
clamps for holding a fiber bundle. They consisted 
of nickel-plated bowls with lids (Figure 3). The 
lids were hinged at B and could’ be pressed against 
the bowl edges at AA. There the fiber bundle was 
fixed tightly by means of the screw C. The holder 
surfaces at AA were supplied with plates of rubber 
which were smeared with a plastic paste (‘Metal 
Fix") containing powdered graphite. The fibers 
were first parallelized and then fixed to a pair of 
pincers. One end was cut with a safety-razor blade 
and fixed in one holder at this end. This holder 
was fastened to an isolating Bakelite plate; the 
other end of the fiber bundle was cut off and fixed 
to the other holder, which had also been fixed to the 
plate. Then the two bowls were filled with mer- 
cury through holes in the lids. By the use of 
mercury and graphite-coated rubber we got a good 
conduction between the clamps and the fiber ends. 
The “free length of the fiber bundle was 2 milli- 
meters, and the resistance R, which had a mag- 
nitude of 50-500 megohms, was measured by 
means of an electronic voltmeter. Afterwards, 
the fiber bundle was weighed and the weight 
of the free conducting part, 1’, was calculated as 
proportional to its length. Since the average 
thickness of the fibers was the same for all samples, 


PABLE VIL. Evecrricat Resistance oF Finer 
Bunpies Arter TREATMENTS 
ReLative VALUES 


Treatment 
Electrical 


resistance 


None 20 
Vapoline oil, 0.5% 4 
Vapoline 300%, 1% 32 
Perma Par R, 1% 35 
Velvamine K 90%, 1% 45 
Veicol 5, 0.25% $6 
Spinol + triethanolamine, 0.5% 4 
Scap, 1% 23 


Woolrex (direct application) 3 
Svenol, 1% 2 
Svenol, 20% 4 


the weight V should be proportional to the number 
of fibers in every sample; therefore, the quotient 


R 


7 gives a measure of the relative conductivity of a 


sample. All the experiments were made in a room 
with constant humidity (65°) R.H.). The meas- 
urements were reproducible under these conditions 
As seen from Table VII, the samples treated with 
group | agents have possibly a little higher electrical 
resistance than those treated with group Il agents 
However, this difference is not significative. The 
conductivity is probably due to the fibers them- 
selves and the water used for the treatment. Only 
when there is a considerable amount of auxiliary 
present is there a definite decrease in resistance. 
This is probably always the case for treatments 
with spinning oils in emulsion, 


Wool-Rayon Fiber Friction 


As rayon staple is often used in mixtures with 
wool, we measured the friction between untreated 
rayon fibers and wool fibers. Table VIII gives the 
results. 

There is always a difference in friction between 
with-scale and anti-scale movements. When the 
apparatus is moving in the anti-scale direction and 
the fibers stick together (before the fiber movement 
has started) the scales will press into the rayon 
fiber surface, and we can say that due to the im- 
pression the smooth surface itself forms an edge, 
directed against the wool scale edge (Figure 4). 
When the fibers are sliding, the rayon surface is 
probably not irreversibly deformed by the plough- 
ing action of the wool scales because the surfaces 
are elastic and the pressure is small. When the 
apparatus is moving in the with-scale direction, 
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PABLE VIEL. Friction Cosrrictents Between 
Woot SmooTn Fipers 
Direction of 

Fiber mixture movement (fibers ibe 
Wool-weol With-scale 013 O11 0.02 
Wool-wool Anti-scale 061 0.23 
Wool-wool Same direction of fibers 6.21 0.15 0.06 
Wool-rayon With-scale O11 009 06.02 
Wool-rayon Anti-scale 039 O35 O04 
Wool-nylon With-scale 0.26 O21 0.08 
Wool-nylon Anti-scale 043 035 0.68 
Rayon-rayon 035 026 0.09 
Nylon-nylon 047 040 0.07 


the scale impression gives considerably smaller form 
resistance. 

It is well known that a smooth surface will give 
a low friction when it rubs against a rough surface, 
and this is true also for the fibers investigated here. 
The 


close to that for wool-wool friction, both with-scale 


value for ravon-wool with-scale friction is 

and in the same direction of the fibers (lines 1 and 3 
: 

in Table VII), but much smaller than rayon-rayon 

friction. The 

friction is close to that for rayon-rayvon friction, but 


than that for 


value for rayon-wool anti-scale 


much smaller wool-wool anti-scale 
friction. 

In order to check on these results we also meas- 
(Table VIII). 


i figures are also in agreement with our interpreta- 


ured wool-nylon friction These 


tion, although the difference between the anti- and 
the 
than that for wool-rayon, 


with-scale friction for wool-nyvion smaller 
This could be attributed 
to differences between elastic properties ot nylon 


and rayon. 


Relationship Between Frictional Values 
and Spinnability 


In order for a yarn to have good tensile strength 
tt is of course valuable to have a large value of yu, 
between the fibers, In order to get ; good shipping 
movement in drawing and spinning Operations, it 
should be valuable to have small uw. values. How- 
ever, for the evenness of slivers and varns it should 
perhaps be most important to have o, small differ- 
ence between Ms and Me 

Figure 5 shows two pairs of drawing rollers mov- 
ing at different velocities, and  Léfgren has 
shown (unpublished data) that the position-veloc- 
itv curve of a fiber in the region of “‘free swimming” 
between the grips is a hyperbole if the accelerating 


and retarding forces are proportional to the cor- 
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Wool 


Ue 


Smooth fiber 


Section showing the contact wool 
fil 


fiber 


hia. 4 


er-smooth fiber. 


responding lengths of grasping by those fibers, 
which are fixed by the rollers. 


not set in until the accelerating grasping length is 


Acceleration should 


larger than the retarding length, if the action of 
other free-swimming fibers is neglected. Generally, 
there seems .to be a more or less sudden change of 
velocity when a fiber is taken on by the rapid 
this moment the 

N + a,-S)-1(N 
length, S = unit 
= grasping length for surrounding fibers), 


rollers. In frictional force 


evolved, F, = normal press- 


ure per unit contact area 


length, / 


per 


may give an impulse to other free fibers. 
the 
(ue N + ay 


How- 


ever, force momentarily diminishes to Fy = 
~S)-d; uf F, is considerably greater than 
F,, this force cannot put other fibers into increased 
movement; possibly it will keep in motion those 
fibers already moving. But there is great possi- 
bility that the whole acceleration of a fiber’s move- 
ment begins at the moment when it is grasped by 
the rolley, thus making the sliver thin just at this 
point. In this case the sliver is well controlled, and 


the chance that unevenness will result from irregular 


A\8B 
! 
i B 
= — ' 


Fiber- and 


frame. A 


Fic. 5 fiher velocitty-distribulten in a 


Discontinuous movement. B 
The patrs 


sent the two patrs of rollers. 


drawing 


Continuous movement of tangent arcs repre 
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sliding of loose fibers is not great. This should also 
be valid for short fibers, and the formation of 
drafting waves [7] probably decreases. If F, 
=~ F,, the movement would be more nearly con- 
tinuous, but this condition is probably not so im- 
portant for the evenness as the condition of con- 
trolled sliding in the case F, > F,. 


Analysis of Variance [1 | 
We assume that <m,, = m,; measurements are 


7 
made on the fiber pair ¢, giving an average @,, and 
that & fiber pairs are used for the total average @. 


(nm is the total number of measurements = Sn,.) 


Then we get “variance within fibers,’ Vg: 


(ui; 


a.)* 
n-—k 


Further, we get “variance between fibers,” Vz: 


— 
Vp 


Ve is attributed to apparatus errors and to vari- 
ations within the contact surfaces for the single 
fibers. The ‘true between average 
values for the different fibers, |'s, is calculated from 


variance” 


From these variances we calculate the standard 


Ve 
, which 
' 


is taken as an average for all the fibers, and the 


Vs 
standard error of the total mean, os? = . i 


k 
Ve is large, there is poor evenness for small surface 
If Ve is small but 
unevenness 


error of the mean for single fibers, ox? = 


regions. V's is large, there is 
the different 
treated, even though the single fiber surface is 


evenly treated. If both Vs and Vx are small, the 


great between fibers 


evenness is high. 

The results (for static friction) obtained with the 
various finishing agents are given in Table IX. It 
was found that ly, is always significantly higher 
than Vg, which means that the variance V's is real. 
Group | agents give less dispersion of values than 
those of group Il. Most oils, as well .as soap and 
Varkaus, give The standard 
error in the measurement in percent of the frictional 


more dispersion. 
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MEANS 
Trur 
Means Between 


TABLE IX. Sranparp DervIATIONS IN OF 
FoR SINGLE Freers AND CALCULATED 
STANDARD DEVIATIONS OF 


FIBERS (os 
Finishing agent os 

None 0.010 O.018 
Vapoline oil, 0.5% 0.008 0.007 
Vapoline 300%, 0.5% 0.007 0.009 
Vapoline 300%, 1% 0.009 0.010 
Perma Par R, 1% 0.005 0.011 
Velvamine K 90%, 1% 0.008 0.009 
Veicol M 50, 1% 0.019 0.008 
Veicol S, 0.25% ‘ 0.015 0.025 
Crunching rayon, 65% R.H. O01 0.020 
Crunching rayon, 85% R.H. 0.017 0.019 
Varkaus, 1% 0.013 0.018 
Soap, 1% 0.013 0.018 
Pendulum oil 0.005 0.007 
Woolrex 0.008 0.006 
Svenol, 1% 0.020 0.016 
Svenol, 20% 0.017 0.012 
Beroil 204 (direct 

application) 0.015 0.020 


coethcient is about the same for all fibers (ce 3.5° 
for og and 4.0°% for as). 


Summary 


1. Using a stick-slip arrangement, measurements 
of friction coefficients were made on viscose rayon 
fibers which had been treated with different finish- 
ing agents, spinning oils, ete. 

2. The agents could be classified in three groups: 
(1) low static, low kinetic friction; (11) high Static, 
low kinetic friction; (II1) high static, high kinetic 
friction. 

3. The difference between the static and kinetic 
friction is related to the handle of the fiber sample, 
a large difference giving a “crunching” handle. 

4. Influence of humidity on friction is small if air 
humidity does not exceed 85-90%. High humidity 
as well as extensive drying increases friction. 
method of 
suspension) 


5. Concentration and 


application 
(directly or in not 


friction. 


does influence 

6. The dependence of friction upon load, which 
gives a measure of the attractive forces between the 
fibers, differs with the treatment. For agents of 
group | this dependence is greater for static than for 
kinetic friction; for agents of group IL the opposite 
is often true; for other agents the dependence is 
about the same for static and kinetic friction. 

7. Friction between rayon and wool is influenced 
by the wool scales, which are impressed into the 
surface of the rayon fiber, thus causing higher 


| 
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friction in the anti-seale than in the 
direction. 


with-scale 


8 The electrical conductivity of rayon fibers is 
only slightly influenced by the application of spin- 
ning auxiliaries if the amount of auxiliary added is 
not very great 

9 A theoretical study of the influence of fric- 
tional properties on sliver movement in drawing 
frames was made 

10. The variation of frictional coefficients meas- 
ured on a bulk of fibers is always significantly 
higher than the variation of measurements on one 
fiber. 
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Introduction 


The measurements of fiber friction reported by 
several authors show clearly that, in general, fric- 
tional coefficients depend upon the load applied, 
It should be of interest to compare the relation- 
ships obtained by these workers and then to con- 
sider them in connection with the general points of 
view on the nature of friction. The relationship 
between static and kinetic friction is also of interest 
for the interpretation of friction phenomena. The 
possible influence ot viscous sliding should also be 
considered. 


Dependence of Friction on Load 


The equation 
aS 
B= + (1) 


N 


coefficient, 
Ss contact area, a 


frictional normal pressure, 


constant, for x) 
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for the dependence of friction on load gives a good 
explanation of a number of results on fiber friction 
hitherto obtained. It has been 
papers in this series [3-5, 10), also by Morrow 
[9] and later by Mercer and Makinson [8]. 
Martin and Mittelmann [7 ] used fibers curled over 
a circular rod and loaded with P, grams at one 
end; the force P; necessary for slipping at a constant 


used in. earlier 


velocity was measured at the other end. They 
found the empirical relationship 
w =a — log P., (2) 


where a and 6 are constants. 

Breazeale [2], using the same principle for meas- 
uring varn friction, found the same relationship to 
be valid. As was observed by Mercer and Makin- 
son, this method gives a variation of .V and thus of 
pw along the fiber. A more exact treatment of this 
relationship will show that equation (1) is really 
valid in all cases. 
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Figure 1 shows a periphery element di of the 
friction cylinder or rod with its center angle dg. P 
is the tension, dN is the normal pressure, and dF is 
the frictional force of the corresponding fiber part 
(in the plane of the paper). 


dF dP 


aN Pde 


If uw were a real constant, integrating would give the 
well-known relationship 


P = Pie (4) 


if P = P, when ¢ = 0. And for the tension P, at 
the other end of the fiber (¢ = 1m) 


P, = P, e*. (4a) 


But if equation (1) is valid we can write 


dS Bde 5) 

= a = = fo T > 
P 

since dS is proportional to di, which is = con- 


stant-dg; 8 is a new constant. 
Instead of equation (3) we get 


dP 3 
or 
> 
Py, = B. (6) 


This equation is integrated after multiplying by 


+ C. 
Mo 


P le Boe) 


C is determined from the value P = P, for ¢ = 0: 


Section of a circular rod with a fiber element. 


Fic. 1. 
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Thus, we get 
3 8 
P = (P,+—) (7) 
and tor ¢ rand P = P, we get 
P, = (P, + enor — (7a) 


Mo 


Breazeale and Martin and Mittelmann have 
used the value of w from equation (4a). If we 
compare this equation with equation (7a) we get 


P, 3 
wp, + (1 + 


or 


ky (9) 


if we define the constants 


ky er and ky — 1). (9a) 


This equation should replace equation (2) in the 
papers [2] and [7]. 
1 
P 


we could determine k; and ke. We are thus able to 


If e** is then plotted against 


we should get a straight line, and from this line 


draw curves for w plotted against P, or log P, ac- 
cording to equation (9). Figure 9 from [2], with 
its curves for glass and “Alsimag,”’ is copied in 
Figure 2 (full lines); our curves according to equa- 
tion (9) are also drawn (broken lines). For glass 
the experimental points fit excellently to the curve. 
For Alsimag the three top points, but not the lowest ; 
fit very well to a curve. To some extent this 
deviation may be explained from the assumption 
that the real contact area decreases as load decreases, 
This means that 8, and thus ks, decreases when P, 
decreases. According to equation (9), for a fixed 
value of P, uw should then be smaller than the curve 
value. However, in the case of Alsimag it should 
probably be necessary to get additional experi- 
mental values. 

Figure 7 from [7] is copied in Figure 3 (full 
(In the figure, 7, stands for P,.) When 
single wool fibers are measured, the dispersion of 


lines). 


values, especially in the case of anti-scale fric- 
tion, is rather great. This is also shown when the 
1 

re 


However, a straight line may be drawn and the 


different values of e** are plotted against 


constants ky and ky determined. The curves for yu 


| 
— 
42. | 
| 
P+aP 
df 
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plotted against log P,, calculated from equation (9), 
are drawn. Evidently the curve fits 
very well to the experimental points. For the 
anti-scale friction a curve may also be drawn which 


with-scale 


fits most of the points well. For decreasing tension, 
the curve evidently gives an increasing deviation 
from the experimental results. However, this is in 
good agreement with the results of Lindberg and 
Gralén [4] and Lindberg [5 ]. 


given the relationship 


These authors have 


= + (10 
Me N° 10) 


where we is the anti-scale and yw, the with-scale 


frictional coefficient, cA is the number of active 


100-- 


= 
0 
z 
= 
z 
= 


} 
o2 03 o4 os 


COEFFICIENT OF FRICTION 


according to equation (2) 


Copy of Figure 9 in [2] with theoretical curves 
and equation (9) 
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scales hooking onto each other, and Q is scale 
cAQ is a function f(.V) of N; for de- 
creasing pressure cAQ decreases more and more 
rapidly in one region, then decreases almost linearly 
to the limit lim f(.V) = 0. 


resistance. 


Substituting equation (5) for w; in equation (10): 


dS df(N) 


(11) 
Between appropriate limits of N we may approxi- 
df(N) 


mate K. 


Substitution in equation (11) 
adS 

dN 

Thus &; and &» are calculated as before, and from 
equation (9a) we get uw + A and 8. From with- 
scale dots in Figure 3 we get uw = 0.116 and B = 
19 (loads in mg.). 


changes w to wo + K, if is used as before. 


From anti-scale dots for the 
larger N values (u < 0.45) we get w + AK = 0.169 
8 = 151. Thus A in this region is small 
(K = 0.053), which is in agreement with the results 
in [5]. The large difference Banti-scate — Bwith-seale 
= 132 is a little astonishing, as it should mean 
a large difference in the closeness of contact. But 
it is probably related to the form resistance when 


and 


scales are pressed into a smooth surface, as ex- 
plained on p. 473. From the few anti-scale dots at 
low normal pressure (u« > 0.45) we get from Figure 
3 + K = 0.454 and Bp = 23. Thus K = 0.454 
— 0.116 = 0.308 is great in this region and Banti-seate 
— Bwith-scale = 4 is extremely small. 
very well with the results in [5] as well as 


This agrees 


> 
2 


Coetticient of trict ona 


leg T, 


Fic. 3. Copy of Figure 7 in [7] with theoretical curves 
according to equation (2) and equation (9) — 


4 
90 
80 
70 ° 
60 ALS/MAG —~ 
50}- 
40 
| \ 
\ 
4 \ 
\ 
\ GLASS 
20 \ \ 
4 
\ 
\ 
9 
\ 
| 
A 
\ 
‘ \ \ 
S}- 
5 
| 


Jury, 1950 


course significative only qualitatively. 

Mercer and Makinson [8] plotted uP, against 
P, for Martin and Mittelmann’s results and found 
a sharp bend in one point of the curve. There 
seems to be no justification for this on our plots; 
the curve should be continously bent. 


Nature of Fiber Friction 


Equation (1) thus seems to be of very general 
applicability. It is valid for fibers rubbing against 
each other and against other material, for static as 
well as for kinetic friction. Then we may ask how 
It should be of 
interest to compare our results with those of differ- 
ent theories of friction. The first investigators 
(Amonton, Coulomb, et a/.) suggested that friction 
was caused by moving the sticking surfaces over 
small asperities. 


this relationship can be explained. 


If so, « should be a function of 
surface structure but not of normal pressure. 
Some later workers, using carefully polished and 
clean surfaces, supposed adhesion forces to exist 
between bodies which stuck together. However, 
there are not many results for the dependence of 
upon Bowden and coworkers [1] have made 
extensive measurements on metal surfaces using 
the stick-slip method. They give the relationship 


F=S+P=As+A’'p, (12) 


where S is the shearing force for real junctions and 
P is the force necessary for displacing material from 
the path of the slider. If s is shear strength, p is 
“flow pressure,’ A is the real contact area, and A’ 
is the cross section of the track, we get the second 
relationship in equation (12). When an increasing 
load N is applied, plastic flow occurs until the 
pressure per unit area of contact reaches the value 
p;then N = Ap. If the value for A is substituted 
in equation (12) and we divide by N we get 


p N N’ (13) 


This is analogous to our results, since it is probable 
that A’ is practically independent of N. 

However, there are some important objections as 
regards our results. 


It seems improbable, firstly, 
that surface deformations are of a plastic and not of 
an elastic character, and, secondly, that there is a 
real ploughing from the impressed part of one 
fiber through the surface layer of the other. We 


with the assumption of decreasing closeness of 
contacts for decreasing load. All figures are of 
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could make another suggestion. Assume that the 
load is balanced by a normal pressure of the type 


p ax 


where » = pressure on the area dS (that is, N = 
JS pdS) and x is the corresponding surface impres- 
sion. If p = a, we have only adhesion forces (or 
pure plastic flow corresponding to Bowden's 
assumption); if p = a,\x we have elastic forces of 
the simple harmonic kind, and if additional terms 
are used, we could get the value of NV with sufficient 
accuracy. If we now suppose that F is propor- 
tional to the contact area, we get new relationships 
foru. If only the first two terms of p are taken into 
consideration, and the depressions are assumed to be 
small in comparison to the fiber radius, we get a 
relationship for w of the form 
1 
yun +b = (14) 

where y and 6 are constants. These may be deter- 
mined so that the curve fits to our experimental 
curve as well as possible. However, since equation 
(14) gives » 0 for N-» « it is not valid for 
higher loads. Furthermore, the deviation from 
x should not be neglected 


The most important objection is, of course, that in 


our straight line » vs. 


the deduction above F is considered to be propor- 
tional to S, regardless of the kind of deformation. 
From the? assumptions of a deformation which is 
partly elastic and partly plastic and of direct 
proportionality between contact area and force, 
Ramsauer [11] has recently tried to give an ex- 
planation of the load dependence of metallic fric- 
tion. He has used a special parameter for the 


area of plastic contact 


quotient , which was calcu- 


area of elastic contact 
lated from experimental curves, and in this way he 
obtained good agreement between theory and ex- 
periment. However, his curves satisfy our equa- 
tion (1) just as well. 

Our results are most easily, although not ex- 
haustively, explained in the following manner. 
We assume the equation F = wN to be valid. Now 
N is composed of the applied load N, and the at- 
traction force (eg., N N, Ns is 
proportional to the contact area S, which gives the 
relationship of equation (1). 

The difference between static and kinetic friction 
might depend upon the closer contact in the static 
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case. If w is principally dependent upon surface 
shearing and a on ploughing, as given in equation 
(13), it is not easy to explain why uw > m. IH, 
according to the ordinary view, the influence of 
asperities is considered, we could assume that 
generally there are smaller differences between 
peaks and valleys of the contact surface in the 
kinetic than in the static state, in which during 
application of the force the surfaces are well stuck 
together, 

There are few indications of slippage of a viscous 
This should 
give a time dependency of the movement [3]. If 


character in the case of treated fibers 


the speed were increased the slipping should occur 
after greater slider deflection 
values. 


t.e., for higher p 
In reality the w values are almost inde- 
pendent of the velocity of the apparatus (or they 
decrease to some extent for higher velocities because 
the fibers are not allowed to “stick together” sufh- 
ciently) 

However, the theory of plastic flow could, of 
course, be used in this connection if the slip point is 
regarded as the “yield point.”’ But this gives no 
further explanation of the nature of the frictional 
forces because we are working with inhomogeneous 
systems The slight dependenc e ot p upon velocity 
is not in good accord with this theory. But if 
there is much liquid agent and differences between 
aw. and we are small the friction may be due partly 
to viscous flow. This is the case for pendulum oil 
(high-viscosity mineral oil), which should be com- 
pared with kerosene (low viscosity) and Woolrex 
(high viscosity but of an ionic nature) (see Table 
VI, page 471) 
fixed to the surfaces, giving a laver which causes 
Another 
liquid agent in contacts ts the large aS values tor 


It seems that all tonic reagents are 


nonviscous — slipping consequence — of 
pendulum oil and the spinning oils Svenol and 
Beroil [10]; this phenomenon ts probably related to 
swelling and surface tension, which should increase 


the real contact area 
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Summary 

aS 
N 
valid for a number of friction measurements on 
fibers by different workers. 


1. The relationship u = wo. + is proved to be 


2. The meaning of this relationship is discussed 
from points of view of general friction theories. 
The relationship is most easily explained if surface 
attraction forces are considered. 3 

3. The difference between static and kinetic 
friction is assumed to be due to the closer surface 
sticking in the static case. The possibility of 


viscous sliding of fibers ts discussed. 
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The Kinetics of Wool Dyeing 
Part I: Simple Acid Dyes 


P. Alexander and R. F. Hudson 
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College of Science, London 


; Abstract 


It is shown that the rate controlling mechanism of dyeing wool with the simple acid dye Acid 
Orange II can be diffusion through an unstirred film of liquid or diffusion through the fiber. 
At low concentrations of dye, the diffusion of dye through an unstirred tlm of liquid is the 
slower of the two processes, whatever the degree of agitation \t higher concentrations of dye, 
the rate controlling step changes from diffusion through liquid film to diffusion through solid when 
the stirring of the solution is increased beyond the point at which the reaction becomes stirring- 
independent and the activation energy, determined from the temperature coethicient, changes from 
approximately 5 to 13 kg.-cal./ mole. 

At high concentrations of dye the diffusion of dye through the fiber proceeds from a saturated 
concentration on the fiber surface, which action can be readily treated quantitatively. At low 
dye concentrations the diffusion through the unstirred liquid film can also be treated by the simple 


diffusion law. In the intermediate range of dye concentrations, however, the diffusion into the 
fiber proceeds from a varying concentration on the fiber surface and is treated on the basis of a 


semi-empirical relationship. 


From consideration of the diffusion coefficient and the apparent energy of activation it is con- 
cluded that dye is not transported through pores, but rather that the swollen fiber behaves like a 
gel and diffusion occurs by displacement of peptide molecules 


Introduction 


Although extensive equilibrium studies have 
been made on the adsorption of dyes by wool and 
other protein fibers [21, 35, 38 }, there is a surprising 
lack of data on the rate of the process. Speakman 
and Smith [39] have recorded limited rate data 
using the simple nonaggregated dye Acid Orange Il 
[42], and have shown that dyeing seems to proceed 
from a surface layer of constant dye concentration, 
even though the concentration of the bath decreases 
almost to zero. Curves of Q, plotted against v¢/ 
were found to be linear for approximately 70°; of 
the reaction, in agreement with the parabolic rate 
law [4, 14] for diffusion into a semi-infinite solid. 


QO. = 2C,A 


The mechanism of acid dyeing has been discussed 
by Speakman and Clegg [37] in terms of the fiber 


‘molecular structure and the fiber modification by 


swelling with changes in temperature and pH 
Plotting D, against 7, Speakman and Smith [39 } 


obtained two straight lines which intersected at 
37°C; they bekteved this demonstrated that the 
rate of dyeing increases rapidly above 37°C be 
cause of disulfide-bond breakdown, which causes 
increased swelling. The minimum fiber swelling 
at 40°C reported by Speakman [36 | was considered 
to support this view. This view is untenable since 
Gilbert’ [11] showed that the rate obeys the 
Arrhenius equation between 0°C-80°C, without 
interruption at 37°C, showing that no irreversible 
change in the fiber structure occurs and tending to 
prove that the system is insensitive to temperature 
changes over this wide temperature range. It is 
thought, however, that extensive modification of 
the fiber structure may occur at temperatures near 
100°C, due to hydrolysis. That the physical state 
of the fibers affects the rate of dyeing was shown by 
Speakman and Smith, who removed the outer fiber 
scales and obtained a faster rate of dyeing, and by 
Lemin and Vickerstaff [20], who investigated 


briefly the rate of dyeing of damaged fibers. 
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The role of diffusion in the reaction between wool 


and oxidizing agents has recently been studied in 
detail by the authors [2, 3) 


Depending upon the 
conditions of temperature, agitation, and concentra- 
tion, the over-all rate of reaction is governed either 
by transport of reactant in solution to the fiber sur- 
face or by diffusion within the fiber. The effect 
of agitation, the value of the apparent activation 
energy, and the shape of the kinetic curves were 
used to differentiate between the two mechanisms. 
The dyeing of fiber with a simple acid dve is a simi- 
Jar reaction, but in this case no degradative reaction 
occurs, although strong adsorption of the dye 
molecules on particular sites is analogous to the 
emoval of diffusing molecules by chemical reaction. 
e Thekinetics of cellulose dyeing have been studied 
extensively [12, 27, 28, 41, 45 ], and the mechanism 
is generally considered to be a@ process of diffusion 
through micropores, with deposition of dye on the 
fiber surface. The correlation between experi- 
mental and theoretical results is very poor [10], 
probably because the charge on the fiber changes as 
dyeing proceeds. In contrast, the dyeing of pro- 
tein in a solution of low pH is an ion-exchange proc- 
ess in which the dye anion slowly replaces a small 
inorganic ion being held as a gegenion to the charged 
Hence, unlike the 
case of direct cellulose dyeing, the charge on the 


amino groups of the protein 


fiber remains constant. The kinetics of base ex- 
change have received much attention recently 
[7,19], and in most cases it has been shown that 
the rate of exchange is governed by the uniform 
diffusion of ions through the solid phase. Con- 
sequently, a simple theory of diffusion with ad- 
sorption is expected to be more applicable for the 
dyeing of wool than for the dyeing of cellulose. 

By using the same dye as that employed by 
Speakman and Smith [39] it has been found that 
the rate of dyeing is governed by diffusion across a 
liquid film at the fiber surface or by diffusion within 
the fiber, depending upon temperature, agitation, 
\s in the 
oxidation of wool, the two mechanisms are char- 


and the concentration of dye in solution, 


acterized by different temperature coethcients, 
leading to greatly different activation energies. 

The following factors affect these mechanisms so 
as to render the one or the other rate-determining: 


1. Temperature influences D,, D,, and 6 in such a 
way that increase in temperature favors liquid-tilm 
diffusion, which has the smaller activation energy, 


as the controlling mechanism. 
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2. Stirring rate affects 6 only; high agitation 
promotes the fiber-diffusion mechanism. 

3. Concentration does affect the relative values 
of the two rates, although it might not be expected 
to owing to the change in distribution coefficient 
K between adsorbed and mobile reactant. A is 
incorporated in D,, which may be replaced by D,/ K, 
where D, is the true internal diffusion coefficient. 


Thus, the relative concentrations of solute on 
opposite sides of the phase boundary are governed, 
in general, by some form of adsorption isotherm. 
For dilute solutions the concentrations are given by 
‘a distribution coefficient K, but K decreases with 
increasing concentrations. In this respect the 
close analogy between molecular diffusion and heat 
conduction [8] appears to break down. 

With high concentrations of dye in solution, the 
surface concentration may remain almost constant 
throughout most of the adsorption. With de- 
creasing concentration, however, the rate may be 
governed by diffusion through the fiber, although 
the surface concentration decreases continually. 

It is impossible to obtain a formal solution of the 
diffusion equation for the general case where the 
surface concentration is a given function of the 
bath concentration. Recently, however, solutions 
have been given for a linear relation between 
concentrations in the two phases. Barrer [5] has 
considered diffusion into a sphere in a constant- 
volume system, adapting the solution of the general 
diffusion equation given by Paterson [30], which 
deals with transference of heat to and from spheres 
in a stirred liquid. From the complete solution 
Barrer derived the following approximation : 


6 Kk’ + 1 |D, 

Vs a K’ \ x 
Amount of solute absorbed 
K Amount of solute remaining in solution 
and a is the radius of the sphere. From this simple 
relation, the following conclusions may be drawn: 


(a) For an exhausting dye bath the value of ¢, 
is independent of initial concentration. 

(b) The curves of Q, plotted against vf are ap- 
proximately linear. 


It will be observed that the value of f, increases 
slowly with increase in concentration, this tendency 
most probably being due to the variation in A’. 
It is found that a curve showing the relationship 
between Q, and vf is linear (see Figure 7) ia the 
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initial stages of the process. Thus, a qualitative 
explanation may be given for the results for the 
concentration region of 75 to 250 mg. of dye per 
liter. 

The analogous case of diffusion into a cvlinder 
has been treated by Wilson [46] and Crank [9] on 
the basis of diffusion with adsorption according to a 
linear isotherm. In this case the dye is considered 
to exist within the fiber as mobile or adsorbed dye, 
the concentrations of the two being related by the 
adsorption isotherm between solution and _ fiber. 
It was found that the shape of the kinetic curve 
predicted by this theory does not agree with that of 
the experimental curve, except in the initial stages 
of the process (see Figure 9). 

The diffusion-with-adsorption theory of Crank 
and Wilson assumes that there is a continual equi- 
librium between the dye in solution and the dye on 
the fiber, which depends upon instantaneous ad- 
sorption and desorption. The disparity between the 
theoretical and the experimental rate curves indi- 
cates that the rate of adsorption in the later stages 
of the process is much greater than the predicted 
rate. This implies that dye penetrates a limited 
distance into the fiber (so that a greater diffusion 
gradient is maintained) owing to extremely slow 
desorption and redistribution of the dye throughout 
the whole of the fiber. Thus, in the course of a 
kinetic experiment, a state of apparent equilibrium 
is reached, with most of the dye adsorbed on the 
outer portion of the fiber, followed subsequently by 
redistribution of the dye throughout the whole of 
the fiber, leading to thermodynamic equilibrium. 
In the course of this redistribution, a readjustment 
in the concentration of dye in solution occurs, but 
this change is small compared with the change in 
concentration which occurs during adsorption, 
owing to the very high value of the distribution 
coefficient. 

This explanation is supported by the visual ob- 
servation of dyed fibers. Thus, after a dye bath 
has almost exhausted, it may be seen that most of 
the dye is concentrated on the outside of the fiber 
[25,33]. It then requires considerable time for the 
bound dye to be redistributed uniformly in the 
fibers. 

This picture of the process was used to derive a 
semi-epirical relation which is applicable to dyeing 
from an exhausting dye bath, assuming instantane- 
ous adsorption on specific sites and very slow de- 


sorption. Values for the diffusion coefficient are 


} 
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of the expected order of magnitude and agree with 
the approximate values derived from the Wilson 
equation for small adsorptions. 

The effects of temperature, stirring rate, and dye 
concentration are considered in detail in the light 
of the following results, which agree with a theoreti- 
cal interpretation of diffusion with adsorption on 
fixed sites within the fiber. 


Experimental Procedure 


Two-gram samples of knitted wool fabric were 
wetted out in 0.01N solutions of hydrochloric acid 
overnight and rotated until each sample contained 
its own weight of acid solution. Each sample was 
fitted to a glass frame stirrer and rotated at a known 
speed in 280 mil. of dye solution containing 0.01N 
hydrochloric acid. During adsorption the pH 
remained between 2.1 and 2.2. The rate measure- 
ments were made by a procedure similar to that 
already described in detail for the reaction between 
wool and chlorine solutions [2]. Five-ml. samples 
of the solution were withdrawn periodically and 
estimated colorimetrically by means of a Spekker 
photometer. The concentration of dye in each 
sample was then obtained from a calibration graph. 

In the experiments where the liquid was stirred 
with a paddle stirrer, a 1-in. paddle was attached 
to the electric motor, which had a series of gears to 
provide various constant stirring speeds, and the 
fabric was held on a fixed frame inside which the 
paddle was fixed. 

All experiments were conducted in a thermostat 
which provided temperature control to within 0.1°C, 
The dye used throughout was Acid Orange 2G 
(Color Index No. 27). 


Results 


The effect of stirring on ¢, is shown graphically in 
Figures 1 and 2 for dye concentrations of 125 and 
500 mg. 1. 
reaction is highly stirring-dependent, becoming 
independent of stirring only when the wool is 
rotated faster than 300 r.p.m. 


At the lower concentration the rate of 


It is seen from a 
comparison of Figures 1 and 2 that rotation of the 
fabric in solution causes much greater agitation 
With the higher 


concentrations, however, the rate of reaction is 


than stirring the solution does. 


almost independent of agitation, which was also 

observed by Speakman and Smith [39]. These 
. . . 

observations indicate that at the higher concentra- 


tion the rate of reaction is controlled entirely by 


4 


Effect of stirring the solution 


at 25°C for 


mt 


dye concentration of 125 meg. | 


4 4 


0 100 200 Oo 400 sou 
CONCENTRATION OF DYE- MGA 
kia. 3 iiflect of initial concentration of dve on 
ty at 23°C, stirring the wool at 200 r.p.m 


diffusion within the tiber, whereas at the lower con- 


centration either mechanism may predominate, 
depending on the degree of agitation 
Concentration affects the diffusion rate, as shown 
in Figure 3, where ¢, is plotted against concentra- 
tion of dye in me. | These measurements were 
made by rotating the wool at 200 1 p.m. at 25 », i 


with le. of wool in contact with 140 ml. of solution. 


This liquor wool ratio was emploved in all of these 


experiments 


The graph may be divided arbi 
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concentrations of 500 mg, 1 


Effect of stirring the wool 


trarily into three sections: (1) concentrations < 62.5 


mg. 1, where f; is completely independent of con- 
centration; (If) concentrations > 250 


where increases rapidly 


mg./L., 
nonlinearly with 
intermediate con- 


and 
increase in concentration; (III 
centrations 


(75 250 mg. |.), where increases very 


slowly with increase in concentration. 

The break in the curve at 62-75 mg. 1. dye con- 
centration indicates a change in mechanism which 
is supported by the change in temperature coetfici- 
ent Table | gives calculated values for the activa- 
tion energy tor various temperatures and extreme 
conditions of stirring. It is seen that results cor- 
responding to Section | give low calculated activa- 
For 


Section Ill-a low activation energy Is obtained for 


tion energies for low and high stirring rates 


low stirring rates (1.¢., stirring the solution) and a 


high value for high stirring rates (1.e., rotating the 
wool), whereas for Section [Tl high activation ener- 


gies are obtained for all stirring rates 


CALCULATED FROM ty VALUES 
RATES 


Slow stirring, 200 r.p.m. (liquid 
ty ty ty I E 
| oc 25°C 35° 0°-25°C 25 
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Discussion 
Interpretation of Results 


The rate measurements discussed in the preceding 
section refer to the case, usually employed in dye- 
ing practice, of an exhausting bath. From the rate 
curves it was found that in each case the final dve 
concentration solution could be neglected in 


Thus, 


except at high concentrations, it follows that the 


comparison with the initial concentration. 


concentration of dye at the fiber surface, governing 
the rate of diffusion into the fiber, decreases during 
the dyeing. Before the mechanism is considered 
in detail the significance of the three cases outlined 
in the Results section must be considered. 
Diffusion Across a Liquid Layer (1 \t low 
concentrations it is observed that the rate is highly 
stirring-dependent and that the experimental acti 
vation energy is of the order of 4-6 kg.-cal 
for all stirring rates. 


mole 
With increasing concentra 
tion the range of stirring rate tor which a value for 
the activation energy of this order is obtained 
gradually decreases. This value is of the same 


0 10 20 »” 40 50 60 
t— MINUTES 
Fic. 4. Graphs of t plotted against log uf 
25°C for dye concentration of 62.5 mg. 1. under the follow 
ing conditions of stirring: (J) wool, 200 r.p.m.; (11) wool 


50 r-p.m.; (111) solution, 200 r.p.m 


order as that of diffusion of ions in aqueous media 
for the corresponding temperature range, although 
being somewhat higher in all cases This has been 
shown to be due to the change in the thickness of 
the diffusion layer (6) with temperature [2]. It is 
interesting to observe that / decreases rapidly with 
Table 
acteristic for diffusion in aqueous media in the 


reaction controlled by 


increase in temperature which is char- 


temperature range. The rate of the 
diffusion across liquid 
laver at the surface of a solid is given by the general 


relation 


D log, 


I’ being the volume (in ce 
with area A of fibers ¢ and « 


of solution in contact 

x being the concen- 
trations of dye at times 0 (zero) and ¢ 

Phe graph in Figure 4 shows the effect of stirring 
on rate of dveing for low concentrations of dve, 
where diffusion in solution is expected to govern the 
rate It is seen that even for rapid stirring a 
logarithmic relation between concentration in solu 
tion and time is maintained \t higher concentra- 
tions, however, the logarithmic plots (Figure 5) are 
not linear for high degrees of agitation. Thus, over 
the extensive solution stirring range 50 to 2,000 
rp.m, it is observed that the graphs are nonlinear 


\t high 


it very high and very low stirring rates 
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Fic. 5 Graphs of t plotted against log al 
‘ 


25°C for dye concentration of 125 me. /1., stirring the 
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stirring rates the concentration at the fiber surface 
becomes appreciable, so that the rate is governe 
by diffusion within the fiber. At very low stirring 
rates deviations are due to variation in thickness 
of the diffusion layer with concentration changes 
15, 47, 481. 

The change in mechanism with concentration at 
low stirring rates is shown by the curves of Figure 
6. It is seen that for concentrations of 37.5 and 
€ 


62.5 mg./}. the curve of against ¢ is lin- 


x 
ear. Deviations are observed with a concentration 
of 125 mg. |., whereas with 250 mg. 1. and 500 mg 
1. the relationship is not linear 

It should be noted that the above logarithmic re 
lation holds only if the concentration of dyeing 
solution at the surface is negligible compared with 
the bulk concentration in) solution. This arises 
from the extremely high distribution coefficient in 
dyeing and in dilute solution most of the dye is ab- 
sorbed instantaneously on the surface of the fibers, 
thus maintaining the concentration in adjacent 
solution at approximately zero 

From the rate measurements (Figure 5) values 
of 6 may be calculated for various stirring rates 
(Table 11), assuming the D,; value for the azo dve 
to be 5.35 & 10°* em.?/sec. [42 }. 


that 6 varies inversely with stirring, rate, which is 


It can be seen 


often found to be the case for these processes it, 
5. $7; $6, 223 

Diffusion in Fiber from Constant Surface Con- 
centration (11). Before considering the conditions 


of intermediate concentrations (represented by 


= 


| 
| 
| 6 
| 
t= 
kia. 6 Graphs ef t plotted against log at 


25°C for different dye concentrations, stirring the solution 


at 200 
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PABLE Il. Vatves or tHe Taickness oF THE APPARENT 
Dirreusion Laver ror Vartous STIRRING Rates at Low 
CONCENTRATION, ASSUMING THE REACTION TO BE 
CONTROLLED BY DifFUSION IN SOLUTION 


Rate of stirring 4 
k X 10° sec cm 
2,000 &Y 1.8 x 10°? 

4.25 40 * 10°? 
500 1.8 92 x 
200 1 


Stirring the liquid; conc. of dye 0.125 g. 1. at 25°C 


1 
k= log, A = 10’ cm? 
t 
D = 5.35 & 10°* sec 


V = 140 ml 


Section [1] under Results, p. 483) the rate data for 
high dye concentrations will be considered. The 
conditions employed here are similar to those used 
by Speakman and Smith [39], who considered re- 
action to proceed from a surface layer of constant 
concentration, 

It has been shown that for all conditions of agita- 
tion, with 250 mg. 1. and 500 mg. 1. of dye, an 
activation energy of the order of 13 kg.-cal.. mole 
is calculated from the rate data. Thus, the over-all 
rate of reaction is controlled totally by diffusion 
within the fiber. For diffusion into a semi-infinite 
solid from a surface concentration C, when a 
quantity Q, has diffused in time ¢, the following 
approximate relation, which has already been dis- 
cussed, may be considered to be true in the early 


stages of the reaction: 


D,t 


us 


= 2C.A .| 
\ 


If dyeing proceeds almost to exhaustion, then 


eV = 


so that 


It is seen from Figure 3 that this relation is ap 


proximately obeyed as ft, = « The square rela- 
tionship does not hold exactly for the data of Speak- 
man and Smith. Thus, it may be concluded that 
diffusion proceeds from an almost constant surface 
concentration for at least half of the process. The 
= 
curves of vf plotted against 0 given in Figure 7 


show that this law ts obeved at the beginning for 
approximately 40-50°, of the reaction, depending 
on the initial dye concentration [13,43]. It is 
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PABLE IL. Catcutatrep or tHe Dirrustox 
Coerricient, AssuMING CONSTANT SURFACI 
CONCENTRATION, AND ASSUMING ALL THE 

Dye Wrratn tHe Finer To Be 


dD, values (om.* sec (25 
mg./1 (25°C) 35°C (kg.-cal. mole 
250 0.7 «K10™ 140x10-" 12 

500 0.845 100°" 1.9510 1 


Concentration 


observed that at the higher concentrations devi- 
ations are greater, which is in agreement with tn- 
creased penetration into the cylinder [8]. From 
the initial slopes values of D, are calculated, assum- 
ing chat the surface concentration C, is given by the 
saturation value for acid adsorption —1.e., approxi- 
mately 88 millimoles g. [34,40] (Table I11). 


Diffusion Through the Fiber from a Varying Sur- 


face Concentration (I11).--Attention may now be 


turned to the concentration range in which high and 
low activation energies are observed, depending on 
the rate of stirring. It is observed here that the 
rate of reaction is approximately proportional to the 
concentration of dye in solution—t.e., ft; is almost 
independent of initial concentration, although a 
slight increase is observed (Figure 3). By analogy 
with similar processes [2] this indicates that diffu- 
sion proceeds from a decreasing surface concentra- 
tion (see page 482). The semi-empirical treatment 
considered below is an attempt to treat this condi- 
tion in which it is assumed that dye already sorbed 
on specific sites according to a linear isotherm is not 
desorbed during the course of the kinetic determina- 
tion. 


Semi-Empirical Treatment for Diffusion in the 
Fiber 

The process of dyeing may be regarded as a 
heterogeneous chemical reaction, similar to the 
oxidation of metals [26,44] or the reduction of 
oxides. The chief difference is in the density of the 
product formed, for in the case of a metal the volume 
penetrated by reactant has reacted completely yn 
the present reaction, however, this will probably 
not be the case, owing to the relatively wide separa- 
tion of sites. 

The following assumptions lead to a simple treat- 
ment of this problem. 


1. The rate of adsorption on sites is instantane- 
ous; the rate of desorption (leveling) is small com- 
pared with the observed rate of dyeing (see photo- 
micrographs in references [25 } and [33)). 


08 


07 


06 
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— MINUTES 
Fic. 7. Graphs of  t plotted against , Stirring 


the wool at 200 r.p.m. for the following dye concentrations: 
(1) 250 mg./l. at 35°C; (11) 250 mg./l. at 25°C; UIT) 
500 mg. 1. at 25°C 


2. Diffusion proceeds by wav of mobile dye, the 


concentration of which at the surface approxi- 
mately equals that within the liquid. 

3. The concentration of mobile dye decreases 
linearly with penetration into the fiber, 

4. The concentration of adsorbed dye within the 
volume penetrated either (a) is constant and equal 
to the maximum acid-combining capacity at high 
concentrations, or (6) decreases linearly with 
penetration and at the surface the concentration 
of adsorbed dye is given by A-c. These two possi- 
bilities will be analyzed separately 


Booth [6 } shows that by making an assumption 
similar to 4(a) (1.e., a high density of product) the 
concentration gradient with respect to the depth of 
penetration ts linear. The rate of removal of dye 
from solution at any instant is given by 


d(xV) _ 


dt 


((23 = 


0 
0 5 10 20 25 
MINUTES 


Pic. 8. Graphs of t plotted against (2 3 logs 


) at 25°C, stirring the wool at 200 r.p.m,.. for the 
‘ 


following dye concentrations (J) 125 me i (17) 250 


mg.l.; (111) 500 mg. 


where dis the distance penetrated when the initial 
concentration ¢ has been reduced to « \ 


From assumption 4(a 


so that 


t.¢ expression (d)), 


V 1 \ 
) log 
From assumption 4(6), as the surface concentra- 
tion of sorbed dve AK -c¢, 
<V 


1 
= 
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TABLE VaLves or THe Dirrusion Corrrrcrent 
CALCULATED USING THE SemMI—-EMPIRICAI 
TREATMENT, AssuUMING DirrUSsION 
WITH ADSORPTION 


Concentration D, values (om 
500° 019* 10% 045 10-5 
250° 0.25 0.52 x 
125+ 0.3 x 0.65 
100t 0.33 107° 
75+ 0.36 


A $x 10° 


* Using expression (a). | 


+ Using expression 


2x | 


Thus 


te. (expression (b)), 


E | 


or 
AD In 
t\4 
It is seen from these relationships that 


1. 


a linear plot of this type approximates a linear 


It should be noted that 


v/-Q, relationship in the initial stages (see page 
482) 

2. The value of ¢, is independent of initial con- 
centration in the case 4(b) and directly propor- 
tional to initial concentration in 4(a). 


3. For a given concentration, ( 
Figure 8 shows that graphs of log, : - = 
against fare linear for most of the reaction within the 
125-250 mg. |. range for high stirring rates. More- 
over, it has been shown that over the concentration 
range 62.5250 mg. |. of dye in solution, f,; remains 
approximately constant. Thus, expression 
was used to calculate values of D, in this case 
Fable I\ For concentrations of 250 mg. lL. and 
greater, /,; increases with concentration, so that the 
requirements of expression (a) are approximately 
obeyed. The values of D, calculated from this 


488 
I 
04 
@ 
03 
02 
eV 
dy A \ 
dt C.D | \ | 


Jury, 1950 


expression for concentrations of 250 and 500 mg. | 
are also included in Table IV, from which it is seen 
that the two sets of values agree satisfactorily 
These values are much greater than those calculated 
assuming all the dve ions within the fiber to be 


mobile (see Table II1). 


The Diffusion Mechanism 


The calculated diffusion coethcient D, of the order 
of 10-'! em.* sec. at 25°C appears to be exceedingly 
small when compared with values for other simpler 
ions and molecules [ 2, 16 | This may, of course, 
be due merely to the size of the dye anion, as diffu- 
sion within the solid is subject to greater restriction 
than aqueous diffusion, which suggests that the 
diffusing unit must force a path through more or 
less rigidly held molecules, so that a high activation 
energy is required. It is observed, however, that 
the activation energy for dyeing, where a slow- 
moving dye ion replaces a chloride ion which is al- 
ready within the fiber, is close to corresponding 
values for exchange of much smaller units within 


the fiber. Table V the D, 


which were calculated by using the approximate 


summarizes values, 
equation for diffusion from constant surface con- 
centration, assuming a completely mobile diffusing 
species (7.e., as for Table 111), and gives calculated 
activation energies for the exchange of various 
simple ions with the bisulfite ion [16 ]. 

The apparently very low mobility of the dye ions 
may be due to interaction of ions with the fiber in 
such a way that the majority of ions within the 
fibers are held on specific sites; diffusion proceeds 
by way of a small fraction of mobile dye ions, thus 
This 
is the basis of the diffusion-with-adsorption theories 
of Standing et al. [45], Morton [23], Wilson [46], 
and Crank [10]. Here it is that 
diffusing through pores containing solution is ad- 


giving an apparently very low value for D,. 


assumed dye 


sorbed on particular sites ac cording toan adsorption 


isotherm. It is possible that application of equilib- 
rium data in order to obtain a relationship between 
concentration of dye adsorbed and mobile dve during 
a kinetic process may not be valid, owing to the rapid 
adsorption of dye on available sites during a kinetic 
experiment redistribution 
(leveling) in an equilibrium experiment. 


with subsequent slow 
This two- 
stage process may be observed directly by taking 
photomicrographs [25, 33 |, from which it can be 
seen that a thick deposit Jol dye is confined to an 


outside film of the fiber during the time taken for a 
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PABLE \ 
AND 


Recationstur Berween ANtoN APPINITY 
Dirreuston CoerricieNnt FoR 
loN-EXCHANGE PROCESSES, 
INCLUDING DYEING 


D, X 10° 
set 


18°C 


Anion 
affinity 
(Ap 
2.97 0.75 

1.89 0 
0.80 
0.47 0 
0.005 40 


M hanye process 


NO HSO 

Cl HSO, 
HSO 
H.PO, HSO 

\cd Orange 


* Aw for HSO 1.21 


kinetic determination, the sebsequent equilibration 
requiring several days. In addition, at high tem- 
peratures an even distribution of dye is obtained 
more readily than at lower temperatures [39 }, so 
that care should be taken in applying equilibrium 
data to kinetic processes of this kind. 

The semi-empirical treatment given in the pre- 
ceding section is based on the assumption that rapid 
adsorption occurs on specific sites, thus effectively 
This 
treatment considers the diffusion front to proceed 
in the form of a well-defined band [13], with com- 


removing dye from the sphere of diffusion 


plete saturation with adsorbed dye of the volume 
penetrated at the higner concentration.  !t is im- 
portant to note that dye concentrations of 0.25 and 
0.5 g. lL. correspond to final equilibrium concentra 
tions with the fiber of only 13.5 and 27 milliequiva- 


however, agree with a process of diffusion from a 


lents 100° g., respectively. kinetic results, 
constant surface concentration or with a process of 


varving surface concentration, with 


complete 
saturation within the volume that is penetrated 
This ts a consequence of the very high distribution 
coefficient between fiber and solution; thus a sur 
face in contact with the dye remains saturated with 
adsorbed dye throughout most of the process. 
The semi-empirical treatment and the complex 
treatment of Wilson [46] and Crank [9] suffer 
from the postulate that the concentration of free 
mobile dye within the fiber is equal to the bath con- 
centration, This is probably not true, owing to 
membrane effects [24, 31,32], although the two 
concentrations would be expected to vary propor- 
The value caleu- 
(Table IV) 


tionally as a first approximation. 
lated using the semi-empirical treatment 
the value of at 
calculated by the method of Wilson [46] for the 


agrees with 


190 


initial stages of the process, where the theoretical 
and experimental curves approximately coincide 


(Figure 9). These values of D, are of the same 


order as those obtained directly for the diffusion of 
simple ions within the fiber f 16 |. 


The above discussion suggests that only part of 


the dye within the fiber is mobile and governs the 


rate of diffusion. The mode of diffusion through 


the wool structure may occur in one of two ways. 


The fiber may be considered to be a homogeneous 


gel of relatively low water content, or a heterogene- 


ous system of solid phase peneterated by innumer- 


able pores of relatively large diameter, compared 
with molecular dimensions, which are filled with 
solvent which is held by capillary attraction. For 
a random distribution of pores with respect to the 


fiber axis, the measured diffusion would appear to 


be isotropic. Diffusion in this system would pro- 


Fic, 9 Graphs of plotted against ( ) ot. 


(1) Calculated by the method of Wilson [46]. (11) 
Experimental curve for 125 mg/l. at 25°C) stirring the 
wool at 200 r.p.m. 
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ceed via the macropores, with a velocity comparable 
to that in a purely aqueous phase, but it would be 
measurably less, owing to the ‘small proportion of 
the geometrical surface area occupied by pores. 
The majority of dye ions would be adsorbed on the 
pore surface and would not participate further in 
the diffusion process. Several factors discount this 
theory. If it is true that diffusion proceeds in the 
aqueous medium of a macropore, it is difficult to 
account for the high activation energy of 13 kg.-cal. 

mole compared with the value of about 5 kg.-cal. 

mole for dyes in aqueous solution [42]. In a 
similar system Boyd, Adamson, and “Myers [7 ] 
showed that diffusion of ions through a resin swollen 
to an extent similar to wool fibers is not controlled 


“by diffusion in the macropores but by diffusion 


through the solid. In addition, it was shown by 
these workers that in order for this mechanism to 
hold the diffusion coefficient should vary inversely 
with the affinity of the ion for the fiber. It has 
recently been shown that for simple ions diffusing 
through wool fibers this condition is not satisfied 
(see Table V). 

The high activation energy suggests that diffu- 
sion requires deformation of the keratin structure 
with hole formation [29], which could be the case 
only if the ions diffused through pores of molecular 
dimension. A process of this type can hardfy be 
regarded as a two-phase diffusion; it becomes 
equivalent to a migration of ions through the 
swollen fiber structure, which is regarded as a uni- 
form gel of low water content. This mechanism 
is also supported by the fact that very simple ions 
require a high activation energy, approximately 
10 kg.-cal. ‘mole [6], even though these ions are 
highly mobile within the fiber (see Table V). 


List of Symbols 


A = Surface area of 1 g. of fibers 
¢ = Initial concentration of dye in solution 
C, = Surface concentration of dve on the fiber 
d = Distance penetrated 
D, = Diffusion coefficient of dye in solution 
D, = Apparent diffusion coefficient within the 
fiber (all the dye considered mobile) 
D, = Internal diffusion coefficient (for diffusion 
with adsorption) 
6 = Thickness of diffusion layer in solution at 
fiber surface 
FE = Activation energy 
k = First-order velocity constant 
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K = Distribution coefficient of dye in the fiber and 
in solution 
K’ = Quantity of solute in solution divided by the 
quantity of solute adsorbed at equilibrium 
Q. = Quantity of dye adsorbed at time ¢ 
Q. = Total quantity of dye adsorbed at infinity 
r = Fiber radius 
t = Time 


ty = Half-life period 
T = Temperature 
V = Volume of solution in contact with 1 g. of 
fibers 
x = Change in concentration in solution after 
time ¢ 
Au = Relative anion affinity [11] 
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INDUSTRIAL SECTION 


Gloss Measurements on Fabrics* 


Richard G. Quynn,+ Edwin J. Bernet, and Earl K. Fischert 


Contribution from Institute of Textile Technology, Charlottesville, Virginia 


Abstract 


The gloss or luster of a suriace is essentially a subjectively evaluated property which is re 
lated to the manner in which the surface reflects light falling on it. Although the impression 
or sensation of glossiness 1s a matter of common experience, measurement of this property in 
physical terms and correlation of the measurements with its psychological aspects are extremely 
difficult. The most satisfactory physical measurement involves the use of a goniophotometer, 
an instrument which measures the amount of light reflected from a surface at various angles 
Curves showing intensity of reflected leht vs. the scanning angle exhibit.a peak at the so 
called specular angle for surfaces rated as being of high gloss. Surfaces of more complex struc 
ture, such as those of fabrics, show a displacement of maximum reflectance from the specular 
angle; the displacement is related to the angle of the incident light. The curve shape is char 
acteristic for different tabrics 

This article describes the experimental measurement of reflectance by means of a gontopho- 
tometer for a group of fabrics The results are presented im the form of curves, computed 
“gloss indexes” or “gloss numbers,” and visual ratings by different observers 


Introduction of the gloss characteristics of textile materials. The 


objectives of the work described in this paper were : 
Certain fabrics have long been noted for their 
(1) to survey the capabilities of the instruments de- 


lustrous or glossy appearance, and their esthetic ap- é 
I scribed in the literature; (2) to devise a simple 


peal and consequent economic value depend in large 


goniophotometer of precision adequate for meas- 
measure upon the consumer's evaluation of this prop- 


urements on fabrics; (3) to examine photometrically 
erty. A reliable and convenient measure of the re ; 


‘ : a representative group of fabrics and to express their 

flectance of light from fabric surfaces would place the I oi I ‘ 
reflectance characteristics in a suitable record form; 

rating of gloss or luster on an impersonal or ob 


; , ; and (4) to determine to what extent the instrumental 
jective basis \lthough studies of this kind have 


2 data could be correlated with visual ratings. 
been made in the paper and paint industries, rela- : ; 4 
; Gloss is generally regarded as a property of the 

tively little attention has been given to measurement 
surface which is related to its ability to reflect light 
* This paper is based on a thesis submitted to the Insti specularly—te., such that the angle of reflection 
tute of Textile Technology by Richard G. Quynn in par 
tial fulfillment of the requirements for the dewree of Master as it higt 

of Science Presented at the 27th meeting of the Virginia the pertect mirror is assigned the highest gloss 


value, since such a mirror theoretically reflects all 


equals the angle of incidence. On most gloss scales 


Academy of Science, Richmond, Virgima, May 6, 1949 
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of the light incident upon it in the manner prescribed 
by the law of regular reflection. Thus, a perfect mir- 
ror illuminated by a single “point” source of light 
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appears bright for only a single direction of viewing 
(the specular angle) and shows no brightness for all 
other directions. The lowest gloss value is ordinarily 
assigned to the perfect matte surface, defined as one 
which reflects incident light in such a way that the 
brightness of the surface is the same for all direc- 
tions of viewing and independent of the angle of in- 
cidence. A perfect matte surface is said to reflect 
light “diffusely,” but it is important to understand 
that diffuse reflection is not a special type of reflec- 
tion: a matte surface reflects light according to the 
same laws that govern specular reflection, and “dif- 
fuse” is only a term used to indicate that the surface 
is optically so irregular that reflected light leaves it in 
all possible directions. 

All materials lie between the limits of a perfect 
mirror and a perfect matte surface, and one must com- 
monly deal with surfaces with reflective properties in- 
termediate between those of “ideal” surfaces. The 
gloss of actual surfaces is then determined in a gen- 
eral way by how much light they reflect “specularly” 
and how much they reflect “diffusely.” Such a 
distinction, as will be seen later, is possible only in 
the case of certain surfaces near the upper enc. of the 
gloss scale—e.g., polished metals—, and attempts 
to analyze light reflected from surfaces of low gloss 
into specularly reflected and diffusely reflected com- 
ponents meet with no success. 

There is another aspect of gloss the importance of 
which, as far as the present investigations are con- 
cerned, is perhaps as great as the “physical” inter- 
pretation of gloss which has hitherto been con- 
sidered. When an observer estimates the gloss of 
a surface by visual inspection, the sensation which 
he receives (described as “gloss,” “sheen,” “luster,” 
or in other terms) is the result of the composite im- 
pression upon his receptor system of the scattered 
light as a whole: upon holding the surface to the 
light and rotating it about an axis in its plane, the 
observer notes the appearance of the sample not only 
at the specular angle, at which he perceives a flash 
of light, but at the other angles as well; he bases 
his estimate of gloss upon the appearance of the 
sample at all angles of observation. It is by no means 
clear that the process by which the observer arrives 
at his estimate is a physical one; nevertheless, a re- 
view of the literature on gloss reveals that a large 
number of investigations have been undertaken in 
which physical measurements of gloss have been 


made, and the results of these measurements com- 


493 


pared with visual gloss, no allowance bemg made for 
psychological and physiological factors, which have 
the utmost importance in visual observation. 

One purpose of the present investigations was to 
attempt a correlation of “objective” measurements 
with visual or “subjective” estimates of gloss; the 
extent to which physical measurements can be com 
pared with visual sensations is a matter of the great 
est complexity. A buyer who ts seeking a fabric with, 
say, high gloss will base his choice upon what he 
sees, and not upon what he is told. If the physical 
indication of gloss disagrees with the buyer's esti 
mate, the physicist’s ratings will be held suspect 

In the sense in which the term will be used here, 
then, gloss is a visual sensation: it 1s not a property 
capable of direct instrumental measurement as tem- 
perature or length is. That this conception of gloss 
as essentially subjective in nature greatly increases 
the difficulties in its physical interpretation ts indis- 
putable, but we must not be led to believe that gloss 
in this sense is any less “real” than some physical 
characteristic of a surface which we might choose t 
denote by the term “gloss.” Harrison [15] declares 
that any fancied “unreality” of gloss is simply a re 
sult of our present ignorance about its nature and 
our failure to measure it adequately. 

The degree of precision adopted in the gloss 
measurements reported in this paper has been largely 
governed by the belief that the sacrifice to conven 
ience and simplicity of measurement which more re 
fined procedures would involve is not worth the use- 


fulness of the greater precision. Refined measure- 


ments may, of course, be necessary when the data are 


to be used, for example, to keep strict control over 
a manufactured product. The connection between 
visual estimates and instrument readings in gloss 
work is at present one of only the loosest sort, and 
it is a matter of common experience that the eve 
e are 
interested chiefly in the relative magnitudes and 


judges gloss in only an approximate way 


gross features of surface reflection, and the con 
nection these have with visual estimates 

It should be noted that the physical properties of 
the materials studied in this work are essentially sur 
face properties. We have not been concerned with 
bulk properties such as transmittance or index of 
refraction, except as these properties might affect 
incident light by internal reflection or multiple re 
fraction so as to effect its re-emergence at the sur 
face and hence its contribution to the gloss charac- 
teristics of the material, 


| 
ff 
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Methods of Measurement 


In the past the procedure for specifying the gloss 
of a certain material has been generally this: the 
material has been subjected to some physical meas- 
urement (usually, but not always, involving the in- 
tensity of reflected light) and the gloss of the material 
then has been expressed in terms of some combina- 
tion of the measurements. In most cases the gloss 
values obtained have been functions of the manner 
in which the measurements have been made, and it 
iS not surprising to find in the literature gloss values 
of comparable materials which do not agree, even 
when the various investigators used the same gloss 
scale. Not only do different instruments disagree 
on the numerical value of gloss, but they often dis 
agree on the order in which samples of varying de- 
grees of gloss are to be ranked; in other words, vari 
ous instruments do not always agree upon which of 
two samples is the “glossier.”” The main reason for 
confusion in interpretation of data and nonstandard- 
ization of instruments is simply that no complete 
agreement has been reached upon what the term gloss 
shall denote physically, much less psychologically. 
The 


made some progress in the matter of standardiza- 


American Society for Testing Materials has 


tion of instruments and units, but only for one type 
of surface-—namely, paint finishes [4]. 

The complete physical measurement of gloss in- 
volves essentially the measurement of the intensity 
of light reflected at all possible angles from the ma- 
terial under consideration ; physical description of the 
reflecting properties of the surface could in theory be 
presented in terms of spherical coordinates, the ori- 
gin of the radius vector being the point at which a 
The me- 
chanical difficulties involved such complete 


single incident beam struck the surtace. 


specification of gloss are prohibitive, and the usual 
practice is to consider only the reflections which are 
in the plane containing the incident ray and_ the 
normal to the surface. This method of gloss meas 
urement is called goniophotometry (Greek: gonio-, 
angle), and it is the method which has been adopted 
in the present work. Goniophotometric results may 
be presented on rectangular coordinates or by a polar 
diagram in which the length of the radius vector is 
proportional to the intensity of light reflected at any 
Attention should be called to the opti- 
cal convention of measuring angles in the direction 
Although this con 
vention has not been adopted in the experimental 


given angle. 


from the normal to the surface. 
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work reported in this paper, previous work in gloss 
is so expressed unless otherwise stated. 

Harrison [15] has compiled an excellent survey of 
the literature. In his book all pertinent papers on 
gloss from about 1750 to 1945, with but few omis- 
sions, receive critical attention. Hunter has pub- 
lished several bibliographies on gloss [20, 21]. The 
photometric concepts and nomenclature which form 
the basis of all gloss measurement have been sum- 
marized by McNicholas [38, 39] and Moon [41]. 
Useful reports on instrumentation have been pre- 
pared by The Institute of Paper Chemistry [27-30]. 
Adderley |1] has presented a survey of the physical 
causes of luster in cotton. A short discussion of 
physical and psychological problems of gloss meas- 
urement has recently been given by Smith [55]. 
Derrett-Smith [11] has described glossmeters which 
have been used in routine textile work. Buck and 
McCord [9] have recently published a comprehen- 
sive survey of the luster of cotton and have appended 
an extensive bibliography. 

It will be convenient to divide the attempts at prac- 
tical gloss measurement into five sections according 
to the method employed; single-angle viewing meth-_ 
ods, two-angle viewing methods, goniophotometric 
methods, polarization methods, and special methods 


Single-Angle Viewing Methods 


In the single-angle viewing method, as the name 
indicates, the sample to be investigated is illumi- 
nated by a collimated beam at a fixed angle, and 
light reflected from the sample is measured by a 
receptor which is also at a fixed angle with respect 
Various 
angles of incidence have been used, but 45 degrees 


to the sample, usually the specular angle. 
seems to be the most frequent choice. This type of 
instrument has been used widely in routine control 
measurements, and has been applied to a variety of 
surfaces, including textile fabrics [14], paint panels 
[17], and asphaltic bitumen 

In Pfund’s instrument [45] the angles of incidence 
and viewing may be varied, but in such a way that 
the two are always equal. Specular reflection is all 
that is considered, and the test object is given a cy- 
lindrical form in order to suppress diffuse reflection. 
The receptor is a small optical pyrometer, and the 
arbitrarily chosen gloss standard is a highly polished 
evlinder of soda glass, blackened on its inner surface. 


Measurements are expressed in terms of “objective 


gloss,” defined as the ratio of the intensity of light 


Jury, 1950 : 


reflected specularly from the material in question, at 
a specific angle of incidence, to the intensity of light 
reflected specularly from a perfectly polished sur- 
face of the same material at the same angle of inci- 
dence. Pfund recommends for his instrument an 
incident angle of about 75 degrees for most surfaces, 
5 degrees for very high-gloss surfaces, and 85 de 
grees for very matte surfaces. 

The Piund glossmeter has been applied to the 
measurement of “objective gloss” of paints and lac- 
quers by Haslam and Grady [17]. A Salford Elec- 
trical Instruments, Ltd., [51] phototube device was 
first placed over a standard white surface such as 
magnesium oxide and then placed over the sample ; 
the difference in phototube readings was taken as a 
Derrett-Smith [11] has described 
a photometric method for routine gloss measurements 


measure of gloss. 


of textile materials in which brightness of the surface 
is compared simultaneously with that of a standard 
lamp. The Photovolt Corporation [46] and the 
Henry A. Gardner Laboratory, Inc., [13] have of- 
fered commercial instruments which measure specu- 
lar reflectance for an incident angle of 60 degrees. 


Two-. Ingle Vi wing Methods 


This method of measurement consists of illumina- 
tion of the sample at a fixed angle and measurement 
of the light reflected at tww angles of viewing, one 
of which is usually the specular angle. The gloss 
value of the sample is often expressed as the dif- 
ference between or ratio of the two measurements, 
or as a combination of these with the measurement 
of some standard surface. 

Schulz [52] has described a glossmeter made by 
Goerz, This instrument consists of two totally in- 
ternally reflecting prisms which are arranged so that 
the intensities of light reflected at the specular angle 
and light reflected at 90 degrees from the specular 
angle are viewed in the head of a comparison photom- 
Schulz 
photometric 
measurements, and then used the logarithm of this 


eter. The angle of incidence is not stated. 


computed a gloss number from the 


number as a measure of visual sensation; the loga- 
rithm is used as a consequence of the rather question- 
able Weber-Fechner law, which states that differences 
in brightness as judged by the eve are proportional 
to the logarithms of the intensities of light reflected 
in the two cases. 

In the method of Klughardt |35], the sample is il- 
luminated at an angle of 45 degrees and its brightness 
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determined, when viewed normally, by comparison 
with a baryta white (barium oxide) standard; the 
sample is then tilted in 5-degree steps, and its bright 
ness measured in each position against the stand- 
ard. Klughardt, who has given considerable at 
tention to the theoretical aspects of gloss measure 
ment, expresses his “gloss number,” y, as follows: 
-H 
li. 
where /7, is the brightness of the sample in the initial 
(horizontal) position, is the brightness the 
tilted position, and // is a theoretical quantity which 
can be computed from Lambert's law * in the manner 
shown [35] and which corresponds to the reading 
which would have been obtained from an ideal matte 
surface at the given angle of tilt, having a brightness 
H, in the horizontal position. Values of y are pre- 
sented for various angles of tlt for a series of gray 
paper samples. In another paper |36], Klughardt 
notes that rotation of a textile fabric in its own plane 
influences the brightness and hence the gloss num- 
ber, but he IVES no data 
Desbleds | 12] has described a glossmeter for tex- 
tile materials in which reflectance is measured at 
the specular angle and at another angle displaced a 
few degrees from the specular angle, the difference 
in the two values being taken as a measure of gloss 


Gontophotometric Methods 


Jones [32] may be regarded as having established 
the basis for the goniophotometric method of gloss 
measurement, which involves illumination of the 
sample at some fixed angle and measurement of the 
intensity of light reflected from the sample as a func 


tion of the viewing angle. As a result of an investi- 


gation of the gloss characteristics of photographic 
papers, Jones concluded that the most favorable and 
comfortable conditions for viewing photographic pa- 
pers are obtained when the line of sight is normal to 
the surface and the illumination is incident at ap- 
proximately 45 degrees. He showed quantitatively 
that use of collimated illumination provides a more 
extended gloss scale, thereby .permitting measure- 
ment of smaller differences in gloss than would be 


possible when the source subtends a larger angle 


* Lambert's law, which is frequently used in gloss measure 
ments, states that the intensity of light from a surface ele 
ment of a diffuse radiator or reflector is proportional to 
the cosine of the angle between the direction of emission and 
the normal to the surface 


| 
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Curves for matte, semimatte, semiglossy, and glossy 
photographic papers are presented which correspond 
to collumated illumination normal to the surface 
Jones has pointed out the necessity for care in mount- 
ing the samples, and states that variations in plane- 
ness of the samples seriously affect gloss values, par- 
ticularly those of high-gloss specimens, a conelu- 
sion that Harrison [15] has reached by mathematical 
analysis. Shook [53] has used a modification of 
Jones’ apparatus, in which the specimen is illumi- 
nated at 45 degrees; the relative brightness at 45 
degrees and at 0 degrees is taken as an indication 
of gloss 

Barratt [7] has utilized a simple goniophotometer 
in a study of the luster of fibers, threads, and fabrics 
produced by mercerization. Reflectance is measured 
as a function of incident angle for a fixed viewing 
angle of 67.5 degrees. The same procedure is fol- 
lowed in the method of Adderley and Oxley [2], 
but a viewing angle of 45 degrees is maintained. 
Naumann [44] has studied gloss properties of tex- 
tile fabrics with a goniophotometer based on Klug- 
hardt’s work 

A Gaertner student spectrometer has been adapted 
to gomophotometry by Wetlaufer and Scott [59]. 
They have investigated a variety of high-gloss paint 
panels, and state that good correlation with visual 
gradings has been obtained. Murty [42] has pre- 
sented curves for various photographic papers, in 
which relative reflectance is expressed as a function 
of viewing angle for an incident angle of 45 degrees 

\ novel goniophotometric method has been de- 
vised by Preston [47]. In his apparatus a photo 
graphic film is mounted in a cylindrical frame about 
the sample, thereby allowing simultaneous recording 
of reflections at all angles. The angle of incidence 
is 45 degrees Preston discusses the luster of tex- 
tile materials, and points out that the luster of fab- 
rics is a more complicated phenomenon than that of 
individual fibers, the luster of fabrics being affected 
by the original luster of the fibers, the structure of 
the yarn and of the fabric, and by the mechanical 
Slater [54] 


has used a photographic method similar to that of 


finishing operations—e.g., schreinering. 
Preston 

Moon and Laurence [40] have described the con- 
struction and testing of an elaborate research gonio- 
photometer which is power-driven and which records 
automatically. A direct-vision photometer has been 
used by Benford and Ruggles [8] for measuring the 
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reflective properties of metal mirrors at various an- 
gles of incidence and reflection. Harrison [16] has 
recently made a careful comparison of several com- 
mercial instruments with respect to agreement of re- 
sults with visual estimates. As a result of work with 
a series of nine printing papers, he concludes that 
the most satisfactory correlation is obtained by meas 
urements of the intensity of light reflected when 
angles of incidence and viewing are 45 degrees. 

The method of Ransom and Edelstein [49] in- 
volves motion of the light source rather than of the 
receptor about the sarnmple and a fixed viewing angle 
of 45 degrees. A few data are given for yarns and 
fabric. A goniophotometer 
known as the Aminco-Scott Glossmeter was at one 


for one commercial 
time available from the American Instrument Com- 
pany 


Polarization Methods 


It is well known that light reflected from many 
nonmetallic surfaces is polarized, the extent of polari- 
zation depending upon the angle of the incident (un- 
polarized) beam and the refractive index of the sur- 
face [31, 50] ; this dependency forms the basis of the 
polarization method of gloss measurement. For 


57.5 


glass there is one angle of incidence—namely, 
Jegrees—at which polarization is practically complete 

for which the reflected beam is almost wholly 
plane-polarized. For other substances there is al- 
ways an angle of maximum polarization, 1, given by 


Brewster's law: 
tani =n, 


n being the refractive index of the material. 
Ingersoll [25] found experimentally that 57.5 de- 
grees was also the polarizing angle for paper. A 
modified form of his instrument, known as the Glari- 
meter [26], measures gloss in terms of the fraction 
which is polarized of the intensity of light reflected 
at 57.5 degrees, this angle also being the incident 
angle. Ingersoll expresses gloss values simply by 
readings on the circular scale which is associated 


with the rotating Nicol prism which is used in polari- 
zation measurements. 


Horsfield [18] has patented a polarization type 
of glossmeter. Laurence [37] has investigated the 
polarizing action of paper, several worsted fabrics, 
and one metallic surface; he finds that dark worsteds 
cause little depolarization, whereas light worsteds 


depolarize almost completely. Schulz, an_ early 
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worker in gloss, has stated that polarization methods 
are inadequate for gloss specification of fabrics, since 
the angle of maximum polarization is not constant 
over the fabric surface [52]. 


Spec ial Meth nds 


Hunter [20] has distinguished six types of gloss 
according to visual characteristics: “specular gloss,” 
which is largely the property of shininess exhibited by 
high-gloss surfaces; “sheen,” which corresponds to 
surface shininess apparent at grazing angles of in 
cidence and viewing; “contrast gloss,” which is 
identified by contrasts in brightness between specu- 
larly reflecting areas of the surface and other areas; 
“absence-of-bloom gloss,” which is characterized by 
freedom from reflection haze or smear adjacent to 
reflected highlights; ‘‘distinctness-of-image gloss,” 
identified by the distinctness or sharpness of images 
reflected in the surface; and “absence-of-surface-tex- 
ture gloss,” which appears as a lack of surface tex- 
ture and surface blemishes. Judd [33] has attempted 
more precise definitions of five of these gloss types. 

In an effort to analyze “distinctness-of-image 
gloss,” Hunter [19] has adopted the following em- 
pirical procedure : a target pattern 1s mounted on the 
face of a goosenecked desk lamp which illuminates 
test paint panels at an angle of approximately 45 de- 
grees. A photograph of the panels is taken by a 
camera mounted at about the same angle to the test 
surfaces. The target pattern is a photographic nega- 
tive consisting of concentric rings which vary from 
fine lines to wide bands, and the narrowest lines which 
are perceptible after reflection from a surface are 
used as the criterion of the “‘distinctness-of-image 
gloss” of that surface. Hunter concludes from a 
study of paint panels that reflected images become 
more distinct as the viewing angle approaches graz- 
ing angles, and therefore that many very flat, matte 
surfaces reflect distinguishable images at near-graz- 
ing incidence; this behavior has been recognized in 
the paint industry for some time 


A modification of Hunter's “distinctness-of-image 
gloss” procedure has been used by Myers [43]. Ver- 
non [58] has employed reflectance measurements to 
investigate tarnishing of metal surfaces under vart- 
ous atmospheric conditions. A glossmeter for the 
comparison of smoothness of machine-finished sur- 
faces has been described by Hunter |24], who has 
also designed a photoelectric reflectometer |21]|; the 


latter instrument has been evaluated by The Institute 
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of Paper Chemistry [30], In another paper [23], 
Hunter reviewed gloss problems in connection with 
camouflage paints; this paper also contains a com 
parison of several commercial instruments according 
to the A.S.T.M. specifications for specular gloss of 
paint finishes | 4]. 

Baneroit and Allen [6] have examined the psycho 
physical aspects of metallic luster. The preparation 
of reproducible gloss standards has been discussed 
recently by Smith and Mahoney [56, 57]. Me 
Nicholas [39] has used a specially designed sphere 
reflectometer in a general study of goniophotometry. 
Judd |34] and Hunter [22] have commented upon 
optical and geometrical specifications in the defini- 
tions of specular and contrast gloss. Dench [10] 
has devised a goniophotometer in which the sample 
is rotated in synchronization with the sweep circuit 


of an oscilloses ype 


Numerical Gloss Specification 


As the literature survey indicates, numerical gloss 
specification has taken many forms, depending upon 
the method of measurement emploved, the gloss 
standard adopted, and the use for which the specifi 
cation was intended, It will be convenient to general 
ize some of the more widely used expressions by 
disregarding the types of receptor (photometer, bar 
rier-layer cell, vacuum or gas phototube, etc.), the par 
ticular illuminants, and the detailed geometry of the 
various measurements. If we let G, be the numeri 
cal gloss value corresponding to some fixed angle 
of incidence or Mlumination 1, S; be the intensity of 
reflected light measured at the corresponding specu 
lar angle 7, and D, be the intensity of reflected light 
measured at some other “diffuse” viewing angle r, 
then representative, simple gloss values may be ex 


pressed as Ws 


G; = S,, (3) 
S 

(4) 

G, = § D,, (5) 

S dD, 

G; = D. » (6) 


where all angles are measured from the normal 
These expressions will be used later for computation 


of gloss numbers from the experimental data 


| 


Comments upon Various Methods 


If it is taken as a working hypothesis that visual 
perception of the gloss of a surface is largely a func- 
tion of the reflective properties of the surface, it is 
clear that reflectance measurements at single or 
limited angles of illumination and viewing afford 
only restricted knowledge of the gloss properties of 
the surface. The usefulness of the reflectance value 
at a single angle of viewing, for instance, decreases 
as the surface tends less and less to reflect preferen- 
tially at this angle. More precisely, the validity of 
a numerical gloss value based upon measurement at 
a single angle of viewing (for a given incident angle) 
is greatest when the reflectance angle vs. viewing 
angle curve of the surface exhibits a sharp peak at 
this single angle, and decreases as the curve broadens 
out, so far as gloss specification of the entire surface 
is concerned; in any case, measurement of specular 
reflectance alone leaves the shape of the remainder 
of the curve quite indefinite. We may thus con- 
clude that single-angle and two-angle viewing meth- 
ods are satisfactory only when the surfaces examined 
exhibit a fairly well-defined specular reflectance ; such 
surfaces are generally those which would be near the 
top of a visual gloss scale. This conclusion has been 
reached by many investigators [11, 15, 20, 36], the 


most notable exception being The Institute of Pa- 


per Chemistry, which in an early report [27] recom-. 


mended a fixed-angle instrument, for paper surfaces 
at least. Single-angle instruments are useful for cer 
tain restricted purposes, of course, and they have 
the advantages of simplicity and speed of operation 

Polarization methods of measurement, although 
valuable as a means for investigation of a particu- 
lar surface property, suffer from the disadvantage 
that the state of polarization of a reflected light beam 
has no necessary connection with the visual gloss 
sensation, The eye cannot distinguish degree of 
polarization, and it is not clear to what extent the 
changes in the state of polarization correspond to de 
grees of gloss as perceived by the eve [15]. 


Hunter's “distinctness-of-image gloss” procedure 
has definite advantages tn the case of surfaces which 
are smooth and glossy enough to reflect distinguish 
able images; textile fabrics (even the glossiest ones), 
however, simply do not reflect distinguishable images, 
and yet they display distinct differences in luster 
Empirical methods such as these nevertheless have 
considerable usefulness, as is evidenced by their 


rather widespread acceptance in certain industries 
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Goniophotometry thus appears to be the most satis- 
factory physical method of gloss measurement; it 
does not involve the assumption that maximum re- 
flection occurs at the specular angle, it yields re- 
flectance values not only at the specular angle but 
at all other angles as well, thereby determining the 
shape as well as the peak value of the reflectance 
curve, and from the results may be computed the 
various gloss ratios and indexes determined by fixed- 
angle instruments. Measurements at various angles 
of illumination also provide a means for determining 
the illuminating angle at which correlation of reflec- 
tances with visual gloss ratings is most satisfactory. 


Instrument Design 


A goniophotometer was designed and constructed 
for the experimental work described in this paper. 
It was intended that the instrument meet the follow- 
ing requirements: (1) that it afford precise measure- 
ments of the intensity of light reflected from textile 
fabrics at various angles of viewing for various inci- 
dent angles; (2) that it be relatively inexpensive, 
flexible, convenient to operate, and capable of giving 
reproducible results with minimum adjustments ; (3) 
that its optical and geometrical system be simple and 
easy to construct; (4) that its receptor response to 
color approximate that of the human eye and be ap- 
proximately linear over the range of light intensi- 
ties encountered ; (5) that it form the basis for an in- 
strument which could be applied readily to control 
work in various operations of the textile industry— 
e.g., finishing. 


Mechanical System 


A schematic view of the instrument is shown in 
Figure 1; this diagram is a top view, and the scale 
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Fic. 1. Diagram showing geometry of 
gontophotometer. 
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Fic. 2. View of goniephotometer showing sampli 


holder, phototube mounted on supporting arm, and 
bearing 


is somewhat distorted. Laight from a source of con- 
stant intensity passes through two slits (which col- 
limate and at the same time reduce the intensity of 
the beam) and falls on the fabric sample; the sample 
is mounted in such a way that it can rotate about an 
axis perpendicular to the plane of the paper and can 
he oriented at any angle @ with respect to the inci- 
dent beam. A phototube (one component of an elec- 
trical circuit) is mounted on an arm which rotates 
about the sample in such a way that the phototube can 
record the intensity of light reflected at any angle 6 
with respect to the sample, except in the vicinity of 
the angle of incidence (where the phototube would 
block out the incident light). Sample and receptor 


are both enclosed in a light-tight housing. Figure 2 


tose 
2 


Fic. 3. Diagram showing essential design features 


of goniophotometer including central sleeve bearing 


support for phototube, sample holder, and pointers 
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shows the essential parts of the instrument: the sam 
ple holder, the phototube mounted on its arm, and the 
bearing by which rotation about a common axis its 
accomplished. These design features can be seen in 
detail in Figure 3, which ts a side-view diagram 
drawn to scale, with the goniophotometer bearing 
shown in cross section for greater clarity 

Machined from solid brass stock, the bearing con 
sists of a central cylindrical shaft 615 in. long, about 
which a system of sleeves rotates. The central axis 
of this shaft is the axis of rotation of all the movable 
parts of the bearing, sample holder, and phototule 
arm. The phototube arm is rigidly attached to the 
upper end of the long, innermost sleeve, and to the 
lower end of this sleeve is set-screwed a smaller sleeve 
which carries a brass pointer. To the lower end of 
the central shaft is set-screwed another sleeve which 
carries the pointer for the sample. The phototube 
pointer and the sample pointer indicate respectively 
the angles 6 and @ (of Figure 1) on a circular scale 
which is mounted horizontally beneath the bearing. 
The whole bearing assembly is supported by the 
outermost upper sleeve, which is rigidly attached to 
a plywood base. 

The sample holder consists of a brass frame 5 in 
by 5 in., the hase of which is a brass block which fits 
into a 3-in.-deep hole drilled into the center of the 
bearing. The metal frame of the sample holder re 
duces the exposed area of the sample to 4 in, by 4 1n., 
and is so constructed that when the fabric sample is 
inserted in place the front face of the sample coincides 
with the plane of the axis of rotation. Fabric sam 
ples are mounted on Bristol board, inserted in place, 
and backed up by a fiberboard sheet which is fastened 
securely by clips on the back of the holder 

The phototube arm, constructed from %,-in. alu 
minum, is 16 in. by 2 in. in over-all dimensions 
The side carrying the phototube measures 12 in. from 
the axis of rotation, the other 4 in. providing space 
for any necessary counterweights. On the long side 
of the arm are mounted ',4-1n. brass “L” bars which 
serve as ways along which the phototube support 
may slide; the latter is constructed from sheet steel 
and is rigidly attached to a polystyrene block which 
slides lengthwise along the phototube arm. 

The two pointers, constructed from sheet brass, 
extend roughly 16 in. from the axis of rotation; they 
are bent down as shown in Figure 3 in order to meet 
a circular scale of approximately 16 in. in radius. 
The circular scale, which is ruled in degrees from 


| ‘Ss 
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0 to 300, is attached with photographic dry mounting 
tissue to a lower plywood base. Angular measure- 
ments can be made to within & 0.5 degree 


Optical System 


It has long been recognized that goniophotometric 
measurements are functions of the geometry of the 
optical system under which they are carried out, and 
much of the disagreement in gloss values determined 
by various instruments can be traced to nonuniform 
ity in geometrical arrangement [23]. Construction 
of any goniophotometer necessitates hxing of some 
geometrical system, and realization of the fact that 
measurements may be varied by changing this sys 
tem. Conflicting requirements in this work were 
the greatest possible collimation of the incident beam, 
the greatest possible resolution, and the necessity for 
illumination of the sample sufficient to activate the 
phototube. (“Resolution means here the narrow 
ness of illumination at the sample face.) When it is 
realized that the incident beam (and hence the lu- 
mination at the sample) and also the surface of the 
phototube cathode have finite dimensions, reference 
to Figure 1 will show that a reflectance measurement 
at some angle @ can be the result of reflection of light 
not only from the single, central pomt of incidence 
but also from pornts to either side, provided that re 
flected rays trom these pomts are directed toward the 
receptor surface. The situation cannot be otherwise, 
since it is, of course, impossible to construct a photo 
tube with an infinitely narrow sensitive surface, or a 
light source which will illuminate an infinitely nar- 
row portion of the sample 

The optical system ot the gomophotometer con- 
sists of the light source, its housing, and two nar 
row slits. The positions of these elements with re- 
spect to one another can be seen im Figure 4, which 


is drawn approximately to scale 
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It was necessary in the present work to obtain 
the greatest possible degree of collimation consistent 
with the requirements that the patch of light at the 
sample face be narrow, intense, equally bright over 
its area, and sharp—-.e., have no “fuzzy” edges. 
Considerable experimentation was carried out before 
it was decided that a double-slit system met these 
requirements more completely than any lens or lens- 
slit system which could be devised. The essential 


dimensions of the system adopted were as follows 


Distance from lamp filament to source slit: 5.2 em. 

Distance from source slit to second slit: 9.7 em. 

Distance from second slit to sample face: 33.0 em 

Distance from sample face to receptor surface : 
10.0 em. 

Height and width of source slit: 2.0 em. * 0.2 cm. 

Height and width of second slit: 1.5 em.x 0.3 em 

Height and width of sample illumination: 12.0 
em. X 2.0 cm. 

Height and width of receptor surface: 2.1 cm. X 
1.6 cm, 


(By “source slit” 1s meant the slit nearest the light 
source.) These dimensions result in a divergence 
of the incident beam of | degree 30 minutes—z.e., 
the angle between either outermost ray (see Figure 
1) and the horizontal is this amount, the origin be- 
ing taken at the second slit. Dimensions of the re- 
ceptor surface are, of course, fixed by thie phototube 
manufacturers. 

The light source employed is a 750-watt, 115-volt 
Mazda projection lamp with bayonet base. The 
lamp is mounted in a housing constructed for this 
work and supplied with a spherical reflector and 
holder for the source slit: Voltage at the lamp ter- 
minals is held at 115 volts A.C. through a Sola Con- 
stant Voltage Transformer. The lamp is oriented 
so that the plane of its filaments coincides with the 
plane of propagation. Because of its high wattage, 
the lamp requires considerable cooling, and this is 
provided by a blower which is mounted beneath the 
open housing 

The source sht was constructed by soldering two 
razor-blade halves to a brass frame. Construction 
of this slit from metal was dictated by its proximity 
to the heated lamp. The second slit, cut from 
smooth Bristol board, 1s mounted on the side of the 
light-tight housing which surrounds the apparatus 
and may be seen to the right in Figure 2. Dimen- 


sions of this slit determine the dimensions of the 1l- 
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luminated portion of the sample—12.0 cm. x 2.0 cm 
Both slits are mented with their longer sides ver 
tical, thus effecting a long, rectangular patch of light 
at the face of the sample 

The light-tight housing consists of a plywood box 
which is hinged at the top and which is painted on 
its inner surface with a very flat black paint 


Electrical Circuit 


The receptor, chosen after considerable experi- 
mentation with vacuum phototubes, gas phototubes, 
and barrier-layer cells, is an RCA 929 vacuum photo- 
tube. Vacuum-type phototubes, generally speaking, 
have higher internal resistances, more constant sen- 
sitivity, and less susceptibility to damage by acci- 
dental operation than gas types, and are therefore 
preferable for many light-measurement applications 
The Weston Photronic cell, although possessing a 
spectral response curve more nearly like that of the 
human eve (when equipped with the Weston Viscor 
filter), was discarded in favor of the 929 tube be- 
cause 


of the extremely low current of the 


former; use of the Photronic cell over the range of 


lig 


light intensities encountered would have required 


output 


more elaborate electrical apparatus than was thought 

utable for a simple gomophotometer 

The phototube is connected through a D.C. volt- 
age supply of 105 volts to the input terminals of an 
RCA VoltOhmyst. The VoltOhmyst, essentially a 
vacuum tube voltmeter, measures the IC. voltage 
drop across its constant 10-megohm input resistance 
which is produced by the phototube output current. 
Since the current output of the phototube is linearly 
related to the intensity of light meident upon it, D.C. 
volts indicated by the VoltOhmyst are directly pro 
portional to intensities. Linearity of the phototube 
with respect to light intensities was checked with a 
series of Bausch and Lomb neutral-tint glass filters 
placed near the second slit; the results are shown m 
Figure 5, where the ordinate is D.C. voltage as indi- 
cated by the VoltOhmyst. The anode supply volt- 
age of 105 volts, obtained from three Burgess “B” 
batteries, was checked with the VoltOhmyst at the 
beginning of each run; such precautions were con- 
in order to be certain that the 
system was functioning correctly. Precise voltage 


sidered necessary 
control during each run, however, was unnecessary, 
since the output current of the 929 phototube is es 
sentially constant over a wide range of anode voltages 


[48]. 


Oc VOLTS 
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TRANSMISSION, 


Experimental values showing linearity of 


phototub response 


While in operation, the phototube is supplied with 
a small paper shield (see Figure 2) on its back side 
in order to prevent illumination of the back of its 
cathode when the tube is rotated past the incident 
eam, All measurements were taken with the light 
tight housing in place, and the VoltOhmyst was 
“zeroed in” at the beginning of each run in order to 
insure that no light-leakage contribution to tube out 
put would be measured. 

The 929 phototube has the RCA S-—4 spectral 
response curve, which peaks at 3750 A.; the tube ts 
therefore more responsive to violet light than the 
eye is, but the two curves are of similar shape, and 
the difference in response was not considered to out 
weigh the other advantages of this tube 


Experimental Procedure and Data 


The experimental procedure involved in the de 
termination of the goniophotometric curves presented 


in Figures 6 to 23 was as follows: the fabric sample 


was inserted in the sample holder, care being taken 
that the sample exposed as flat a surface as possible 
The sample was oriented at some angle, @, with re- 
spect to the incident beam by means of the sample 
pointer ; this angle @ was maintained while the photo- 


tube arm was rotated (by means of its poiter) 


through various scanning angles 6. The term “scan- 


ning angle” was used on the plotted curves in place 


of “viewing angle,” since the latter expression has 


ang 


a subjective implication ; “scanning ang is synony 


as the latter expression 


mous with “viewing angle” 


has been used in previous sections 
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Reflectance curves for blue-green 
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REFLECTANCE. % 


Reflectance curves for 


Oxford fabri 


volts were converted to percent reflectance 
by dividing by the voltage produced when the inet 
dent beam struck the phototube head-on with the sam 
ple removed, ‘This figure also served as a check on 
the constancy of the lamp emission 
reflectance” thus means the percentage of the inten 
sity of incident light reflected toward an 
by the phototube at an angle @ 

Each set of curves corresponds to a particular fab 


ric, except in the case of one ribbed fabric, where it 
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Fic. 9 Re flec tance Curves for red Oxford fabru 
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Fic. 10. Reflectance curves for pink Oxford fabri 
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Fic. 11. Reflectance curves for gray Oxford fabri 


REFLECTANCE, % 
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Fic. 12. Reflectance curve for red velvet fabri 


was of interest to determine curves for two orienta- 
tions of the same fabric in its own plane. Each indi- 
vidual curve corresponds to a particular value of ¢, 
the angle of incidence. It should be kept in mind 
that both @ and @ are measured from the sample 
(see Figure 1) and not from the normal; the angle 
of mirror reflection (the specular angle) for any ¢@ 
then falls at 180 degrees minus @. 

\ctual measurements were made on most of the 


samples for ten values of ¢—from @ equal to 10 de 
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grees to 90 degrees in steps of 10 degrees plus a value Fic. 19. Reflectance curves for yellow 


fancy-rayon fabric. 


of @ equal to 45 degrees. All of these curves were 
not plotted, particularly in cases where the trend of 
behavior was apparent and where confusion would — in one case only one value of @ is shown. The size 
have resulted from plotting many curves on the same of the receptor surface made impossible measure 
graph. For samples showing very low reflectance, ments at values of 6 lower than 10 degrees or higher 
curves for only a few values of @ are presented, and — than 170 degrees. 
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It will be noted that the curves contain dotted lines, 
indicating that no measurements were made in these 
intervals. These values of @ correspond to positions 
where the phototube blocked out the incident light 
that is, positions in the vicinity of @ equal to @. The 
present authors have taken the liberty of drawing in 
the missing portions, not onls for the sake of con- 
tinuity but also because the dotted lines help to dis- 
tinguish curves corresponding to various values of @ 
when many of the curves fall close together 

Rectangular rather than polar coordinates were 
employed because of the general unfamiliarity of the 
latter, and subsequent difficulty in their interpreta- 
tion. In goniophotometric work, however, polar 
coordinates have the advantages that angular rela- 
tionships are more apparent, and the coordinate sys 
tem suggests the manner in which actual measure 
ments were made ; two curves plotted in this way are 
shown in Figures 24 and 25. In these figures ar- 
rows indicate the direction of the incident beam. 

The fabric samples were chosen to illustrate the 
effect on gloss of color, weave, and type of the fiber 
It was not intended to investigate exhaustively any 
one of these variables, but rather to study a variety 


of fabric types, disregarding their detailed specifica 


rABLE I 
Sample 
No Type of material Color ~ 
6 Oxford Light vellow 
7 Oxford Blue green 
8 Oxford Light blue 
9 Oxford Red 
10 Oxford Pink 
11 Oxford Gray 
12 Velvet Red 
13A Corduroy Tan 
13B Corduroy Tan 
14 Poplin Green 
15 Poplin lan 
16 Imitation butcher linen Blue 
17 Flat crepe ink 
18 Upholstery material Yellow 
19 Fancy dress goods Yellow 
20 Coat lining (Gray 
21 Tatfeta Light yellow 
22 Semimatte photogr iphic White 
paper 
23 Glossy photographic White 
paper 


tions. Several photographic papers were included 
in the investigations, since they possess mteresting 
gloss properties and have been rather extensively 
studied in the past [32] 

Specifications for the fabric samples and photo 
graphic papers investigated are given in Table 1; 
fabric samples are numbered to correspond to the 
figures representing their gloss behavior—sample 
number 6 corresponds to Figure 6, and so on. De 
tailed information about some of the fabrics was not 
available, since many were purchased at local retail 
stores 


Interpretation of Results and Correlation 
with Visual Ratings 


Inspection of Figures 6 through 23 reveals that all 
the samples have certain reflectance characteristics 
in common. The peaks of the reflectance curves, 
with but few exceptions, shift to the left along the 
abscissa as the angle of incidence, #, increases, a be 
havior which is simply a consequence of the law of 
regular reflection \ll curves representing values of @ 
equal to 90 degrees exhibit symmetry about an ordi 


nate corresponding to 6 equal to YO degrees. This 


FABRIC AND PHoroGRaAPHic PAPER SPECIFICATIONS 


Remarks 


Sanforized, mercerized 

Sanforized, mercerized 

Sanforized, mercerized 

Sanforized, mercerized 

Sanforized, mercerized 

Sanforized, mercerized 

Cotton 

Measured with ribs parallel to plane of incidence 

Same fabric as No. 143A; measured with ribs per 
pendicular to plane of incidence 

Sanforized, mercerized cotton; measured with filling 
perpendicular to plane of incidence 

Sanforized, mercerized cotton; measured with filling 
ym rpendi« ular to plane of incidence 

Cotton 

Measured with warp parallel to plane of incidence 

Saran warp, cotton filling 

All filament rayon; delustered warp; all-over novelty 
pattern 

All acetate filament; twill weave; measured with filling 
parallel to plane of incidence 


All acetate filament; measured with ribs (fhlling) 


parallel to plane of incidence 

Eastman Kodak Co. Kodabromide Grade E, desi 
nated “white, fine grained, lustre” 

Eastman Kodak Co. Kodabromide Grade F, des 
nated “white, smooth, glossy" 
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behavior ts also to be expected, since a homogeneous 
surface illuminated normally will show the same re- 
flectance at the same scanning position on either side 
of the normal 


The curves show a decrease in peak values as ¢ 


increases ; in other words, samples show the greatest 
reflectance at near-grazing incidence and, generally, 
declining reflectance maxima as the angle of inci- 
dence is increased. Samples with the highest over- 
all reflectances—e.g., samples 20, 22, 23-——show the 
sharpest decline; the curve of peak values vs. 6 ap 
pears to be exponential, but actually it is not. This 
hehavior may very well correspond to the subjective 
impression of “sheen —high reflectance at near-graz- 
ing angles of illumination and viewing. Decrease in 
reflectance with imcrease in angle of incidence is 
characteristic of nonmetallic substances in general 
{31}. Glass, for example, specularly reflects about 
4% of ordinary visible light at normal incidence ; at 
other angles of incidence the reflecting power in- 
creases with decreasing angle, at first slowly and 
then more rapidly until at @ close to O degrees (graz- 
ing incidence) all incident light is reflected. The 


closest approach to complete reflection reached im: 


this work was a reflectance of about 36° at @ equal 
to 170 degrees and » equal to 10 degrees for sample 
number 23. (This point is not shown in Figure 23.) 

Figures 6-11 and Figures 14 and 15-show the ef- 
fect of color changes upon reflectances. The sam- 
ples represented in Figures 6-11 are alike in every 
respect but color, and the same is true for samples 14 
and 15; it is seen that color influences the relative 
magnitudes but not the shapes of the reflectance 
curves. Changes in magnitudes with color are, of 
course, the result of the spectral response of the 
phototube : 

\ most important characteristic of many of the 
curves (one clearly shown in Figures 6-11) ts that 
maximum reflection does not always occur at the 
specular angle. For an incident angle of @ equal to 
10 degrees, for example, the corresponding specular 
angle is 180 degrees minus , or @ equal to 170 de- 
grees; the curve of Figure 6 corresponding to a value 
ot od equal to 10 degrees, however, peaks até equal to 
160 degrees, 10 degrees displaced from the specular 
angle. Displacement from the specular position de 
creases with increasing @ (with the exception of 
sample 21), until at @ equal to 90 degrees the post- 
tions of maximum reflectance and specular reflectance 
coincide. Noncoincidence of maximum and specular 
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reflectance at low incident angles is exhibited to a 
greater or lesser degree by all the fabric samples 
except sample 20; the photographic papers (samples 
22 and 23), however, show all their peaks at the 
corresponding specular angles. This point is of con- 
siderable importance in the design of instruments to 
be used for gloss measurements of fabrics, or any 
surfaces with regular structures; maximum reflec- 
tance cannot be assumed to occur at the specular an- 
gle. It is interesting that several investigators have 
obtained goniophotometric curves for fabrics in 
which the point of maximum reflectance does not 
coincide with the specular angle, but none has com- 
mented on this fact {2, 47, 49]. 

It is apparent that each type of fabric has a charac- 
teristic set of reflectance curves ; in general, the greater 
the degree of structural difference between two fabrics, 
the greater will be the difference between the shapes 
of their reflectance curves. The surface structure of 
the series of Oxford fabrics (Figures 6-11) and 
that of the two poplin fabrics (Figures 14 and 15) 
are similar, and the curves in the two cases are of 
similar shape. The unusual shapes shown in Figures 
13A, 13B, and 21 may very well be explained in a 
similar fashion. ‘These two fabrics have a surface 
structure unlike any of the other samples. The cor- 
duroy fabric, of course, has distinct and _ relatively 
large ribs across its face and a rough pile surface. 
The taffeta fabric (Figure 21) is also ribbed, but the 
ribs are much smaller and more uniform; in addition, 
the taffeta fabric, being made of rayon exclusively, 
has an over-all smoothness much greater than that 
of the corduroy 

Quite different reflectance characteristics are shown 
by the two photographic papers (Figures 22 and 23) 
since their surfaces are unlike any of the fabrics. 
These surfaces, particularly that of sample 23, il- 
lustrate the reflectance characteristics of surfaces ap- 
proac hing those of mirror-like reflectors. The curves 
of both for equal to 10 degrees may be taken to 
represent the closest approach to mirror reflection— 
constant reflectance at all scanning angles but the 
specular, and, at this single angle, very high re 
flectance. 

It will be observed that sample 23 exhibits, most 
noticeably for values of @ equal to 20, 30, and 40 de- 
grees, a decline in reflectance just before specular 
reflection takes place. In Figure 22 there is a sug- 
gestion of the same behavior, but in none of the curves 
for fabrics is this trend apparent. The authors have 
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been unable to explain this on the basis of present 
experimental data, but believe that it is associated 
with the very different nature of the surface of photo- 
graphic papers: a reflectance curve like that of Fig- 
ure 23 might be considered to be the sum of two re- 
flectance curves, one corresponding to diffuse re- 
flection from the lower, rough layer of the paper, and 
the other corresponding to specular reflection from 
the thin, top, high-gloss film. Reflectance at low in- 
cident angles from relatively low-gloss surfaces (see 
Figure 7) falls off rapidly once the position of maxi- 
mum reflectance is passed, and maximum reflectance 
is displaced toward the left for low-incident angles 
If it happened that the diffuse reflectance decreased 
more rapidly at values of 6 approaching the specular 
angle than the specular reflectance increased at these 
same values of 6, the resultant curve might be ex- 
pected to exhibit a decline in reflectance just betore 
specular reflectance occurs. Jones |32| did not ob- 
serve this phenomenon, presumably because his ob- 
servations were made at normal incidence (@ equal 
to 90 degrees). 

Visual rating of the samples was conducted under 
a 150-watt Mazda blue daylight bulb in a blackened 
box. Eight observers, including the present authors, 
attempted to rank the samples according to visual 


gloss. Little experience was necessary to indicate the 


difficulties involved in such estimates. An initial at 
tempt was made to classify the samples into the fol 
lowing groups: high gloss, medium gloss, and low 


gloss. Samples 23, 21, 20, 19, and 22 were placed 


PABLE II. Computen Gross NUMBERS 


Sample D Ses Su/De (Su—D.)/D. 
No. (%) 


0.97 ~O0.13 0.03 
1.15 0.34 0.15 
1.04 0.14 0.04 
1.06 003 0.06 
1.11 0.31 O11 
1.00 0.01 0.00 
1.00 0.00 0.00 
0.67 —0,78 0.33 
0.75 0.71 0.25 
1.31 0.33 0.31 
1.08 0.16 0.08 
1.04 0.04 0.04 
0.78 —~0.38 0.22 
0.93 0.13 0.07 
1.30 0.95 0.30 
4.07 3.66 3.08 
0.83 1.03 O17 
1.12 0.12 
1.97 3.64 0.97 
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in the high-gloss group, and were ranked according 
to decreasing gloss, in the order given. Samples 
18, 17, 14, 15, and 16 were placed, in that order, in 
the medium-gloss group. The set of Oxfords as a 
whole (samples 6 to 11) was judged to be the high- 
est of the low-gloss group. and below it were ranked 
samples 13A, 13B, and 12, in that order. Within 
the set of Oxfords, sample 8 appeared to be the 
glossiest, but no difference was perceptible among 
other members of this set. This general classifica- 
tion was agreed upon by a majority of observers; 
one observer, however, ranked samples 12, 13A, and 
13B higher in gloss than the set of Oxfords. Several 
observers disagreed with the authors’ ranking of 
sample 22, placing it in the medium-gloss group 

Ranking within the groups led to occasional agree 
ment. All observers decided that sample 23 was by 
far the glossiest of the samples. Disagreement arose 
over sample 21; it was decided that this sample 
showed a distinct “sheen,” particularly when viewed 
with its ribs horizontal, but agreement was not 
reached on the question of its rank with samples 
19 and 20, Disregarding the position of sample 22, 
the observers agreed that sample 18 possessed the 
lowest gloss of the high-gloss group. No other 
agreement was reached concerning samples within 
this group, except that already mentioned for sam- 
ple 23, nor were definite conclusions reached about 
rankings within the medium-gloss group. 

Within the group of low-gloss samples, the initial 
ranking was generally accepted. Samples 12, 13A, 
and 13B were considered the lowest of all the sam- 
ples. Within the group of Oxfords, all observers 
agreed that little difference was apparent among 
individual members of the group, except that sample 
8 (the light-blue Oxford) might be considered 
slightly higher. No reason could be given for this 
choice. Little change in the gloss appearance of the 
corduroy fabric was perceptible on rotation of the 
sample through 90 degrees in its plane, and it is 
seen that the curves in Figures 13A and 13B are 
quite similar in shape. 

Despite the lack of agreement of visual ratings of 
the samples, several conclusions may be drawn from 
the attempted correlation. Within a group of sam 
ples which differ in color but not in surface structure, 
similarity in the shapes of the reflectance curves ap 
parently accounts for their equal visual gloss (see 
Figures 6 through 11). Pile surfaces may be con 
sidered the closest approach to perfect “diffusors” 


| 
a 
} 
: 
6 4.96 4.83 
7 2.24 2.58 
8 3.44 3.58 
9 52 0.55 
| 10 79 3.10 
| 95 3.6 
12 17 0.17 
13A 38 1.60 
13B 79 (2.08 
14 05 1.38 
15 04 2.20 
16 05 1.09 
17 16 1.38 
18 1.84 1.71 
19 3.20 4.15 
20 1.19 4.85 
21 6.04 5.01 
22 3.86 4.33 
23 3.74 7.38 


508 


in the realm of textile fabrics; both their reflectance 
and their visual gloss are low. 

One difficulty in the physical measurement of 
gloss of low-gloss fabrics is illustrated by Figures 9 
and 13A or 13B; the over-all reflectance of the Ox- 
ford is seen to be lower than that of the corduroy, 
yet the Oxford was generally ranked higher im visual 
gloss. The subjective impression of gloss is appar- 
ently affected considerably by surface structure in 
the case of samples which lack gloss “contributors,” 
such as highly lustrous fibers 

The inadequacy of gloss specification for a fabric 
by a single numerical expression ts illustrated in 
Table II. Gloss numbers in this table have been 
computed from the experimental data for t equal to 
45 degrees and r equal to 0 degrees by means of the 
formulas outlined previously. It is seen that only 
measurement of specular reflectance at a scanning 
angle of 45 degrees from the normal places sample 
23 in its position as the highest-gloss sample accord 
ing to visual ratings. This method, however, ranks 
sample 6 considerably higher in gloss than sample 
18, a ranking which ts the reverse of the visual esti 
mate; other disagreements mav be easily seen. 
Moreover, none of the vartous gloss numbers indicate 
that the Oxford fabrics have approximately the same 
visual gloss. 


Summary and Conclusions 


1. Measurement of the reflectance of incident light 
from various surfaces as a function of scanning angle 
is a practical means for obtaining data of greater 
physical significance than subjective viewing and rat 
ing of gloss by observers 

2. Reflectance curves are obtained which are char- 
acteristic of different surfaces. Generally, fabric 
specimens of the same construction provide curves of 
similar shape; color affects the total reflectance (and 
hence the position of the curve) but not the shape of 
the curve. The greatest scattering of incident light 
is obtained with pile fabrics, which also exhibit very 
low visual gloss 
3. At an incident angle of 90 degrees the reflectance 
curve is svimmetrical, At small incident angles (near 
10 degrees) the peak reflectance is greatest, corre- 
sponding to the subjective impression of “sheen.” 

4. It is not always true that maximum reflectance 
oceurs at the specular angle, and for low-gloss spect 


mens it seldom does, Displacement of maximum 
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reflectance from the specular position is a function 
of incident angle. 

5. Considered as a group, and compared with other 
surfaces such as coated papers, enameled panels, etc., 
fabric specimens are of low gloss, or luster, both 
when measured physically and when estimated visu- 
ally. 

6. The correlation of physical measurements with 
the subjective sensation of gloss was considered as 
only a secondary objective of this work, mainly be- 
cause of the complexities and imponderables of psy- 
chophysical analyses. It appears, however, that 
the analysis of gloss in physical terms requires con- 
sideration of many factors, including the following : 
the brightness of the sample (1.¢., total reflectance) ; 
the shape of the goniophotometric curve, particularly 
the sharpness of its peak and its shift with incident 
angle ; and the color of the sample. 

7. Successful expression of gloss in adequate 
terms by a simple numerical expression derived from 
physical measurements appears extremely unlikely, 
and all “gloss numbers” serve merely as convenient 
but not necessarily valid empirical ratings. For in- 
dustrial and quality control records, goniophotometric 
data provide an objective measure of certain im- 
portant optical properties of the surface, and are 
therefore of considerable value 
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The Influence of Sodium Carboxymethyl] Cellulose 
on the Suspending Power of Built Soap Solutions 


C. H. Bayley and A. S. Weatherburn 


Division of Applied Chemistry, National Research Laboratories, Ottawa, Canada 


Abstract 
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The influence of sodium carboxymethyl cellulose (CMC) on the ability of soap solutions 
to prevent the deposition of carbon black on fabric during the detergent process has been stud- 
ied. It was found that the presence of alkaline builders (sodium carbonate, moditied soda, so- 
dium metasilicate, and sodium orthosilicate) resulted in a decrease in the suspending power of 


soap solutions 


The addition of CMC to such built soap solutions compensated to a considerable 


extent for this reduction in suspending power caused by the builder, although in no case did the 


suspending power equal that of the unbuilt soap. 


The maximum improvement in suspending 


power was obtained with a CMC concentration of 0.005% ; te. 5% of the weight of soap used. 


In general, those builders which caused the greatest depression in the suspending power of the 


The SIGNIFICANCE of the soil redeposition 
factor in the detergent process has been discussed 
{3}, and it was pointed out that the 
suspending power of a detergent solution is of con- 


previously 


siderable importance in determining its over-all de- 
tersive efficiency. It was further shown that the ad- 
dition of alkaline builders to a soap solution resulted 
in a decrease in the suspending power of the latter 
[4] 

Sedium carboxymethyl cellulose (CMC) has been 
used recently in conjunction with synthetic deter- 
gents of the alkyl aryl sulfonate type to increase their 
suspending power, and considerable improvement 
not only in suspending power but in over-all deter- 
While the addition of 
CMC to unbuilt soap solutions was found to have very 


gency has been reported [2]. 


little effect on their suspending power, its use with 


soap solutions built with sodium metasilicate 


was 
found to be advantageous since it compensated, to a 
considerable extent, for the reduction in suspending 
power caused by the builder [1] 

The present paper gives data relating to the effect 
of CMC on the suspending power of soap solutions 
built with sodium carbonate, sodium sesqui-carbonate 


(modified soda), sodium metasilicate, and sodium 


orthosilicate 


soap solution also showed the greatest improvement in suspending power on the addition of CMC, 


Materials and Methods 


Materials 


Soap: a commercial laundry flake soap, analyzed 
as follows, was used: 


Moisture 5.6% 
Total fatty acid 86.7 % 
Free fatty acid 0.16% 
Sodium chloride 0.26% 
Sodium sulfate O.18% 
Saponification value 

of fatty acids 206 
Todine number §5:5 
Titer 


Sodium carbonate: reagent grade. 
Sodium bicarbonate: 


Modified soda 
carbonate and sodium bicarbonate of the grade listed 


reagent grade. 
A 1:1 molar mixture of sodium 


above (55.89 and 44.2% by weight, respectively ). 

Sodium metastlicate: “Metso, granular,” obtained 
from National Silicates Limited, New Toronto, On- 
Na,O, 29.4% ; SiO,, 28.3% ; H,O (by dif- 
ratio Na,O: SiO, = 1.01: 1. 


orthosilicate 


taro. 
ference ), 42.3% 4 
from 
Montreal, Quebec. 


Sodium *“Pensal,” obtained 


Canadian Industries Limited, 


| 
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Na,O, 61.5% ; SiO,, 29.1% ; H,O (by difference), 
9.4% ; ratio Na,O: SiO, = 2.04: 1. 

Carboxymethyl cellulose: “Carboxel L.V.,” a low 
viscosity sodium carboxymethyl cellulose supplied 
by the Standard Chemical Co., Toronto, Ontario. 


Vethods 


The suspending-power measurements were carried 
out by the method in current use in these laboratories, 
as follows: A suspension composed of 0.25 g. of car 
bon black (Standard Micronex, supplied by Binney 
& Smith Co., 41 E. 42nd St.. New York) and 250 ml. 
of the deterge 
min, at 70°C, 


solution under test was shaken for 20 
ihe suspension was contained in 400 
ml. vacuum bottles to provide temperature control, 
and was shaken by means of a shaking machine hav- 
ing a reciprocating motion with a 3-in. stroke and a 
speed of 105 cycles per min. After the preliminary 
shaking. one piece of fully bleached, desized cotton 
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AO 


BUILDER CONCENTRATION, % 


on the suspending power of 


Sil 


fabric (nainsook, 2.7 oz sq. yd . thread count 100 x 
100) measuring 3 in. X 4 in. was added to each bottle 
At the 


end of this time, the cotton test piece was removed, a 


and the shaking was continued for 20 min 


second white test piece was added to the same sus 
pension, and the shaking was continued for another 
20 min. After removal from the suspension, the 
test pieces were rinsed lightly in distilled water at 
70°C, dried, and ironed, and the reflectance of each 
side was determined with a Hunter reflectometer. 
Each experimental value recorded was based on at 
least 4 replicate determinations (16  reflectometer 
readings). The suspending power was calculated 


as follows 


Suspending power 100, 


B, — B 


where B = average reflectance of test pieces after 


shaking in detergent suspension; B, = “water value” 


MODIFIED SODA 


770.005 % CMC 
ray 


O% 


SOAP: BUILDER RATIO 
3:4 2:1 


02 


06 .08 


carbonate-built soap solutions 


20 
Fic. 


(te., average reflectance of test pieces after shaking 
in a suspension of carbon in distilled water); B, 
average reflectance of original white cotton fabric. 

Qn this scale, 100° suspending power represents 
no deposition of soil, and 0% represents the sus- 
pending power of distilled water 

Stock solutions of the various materials to be 
tested were made up and diluted as required for use, 
The CMC 


was conditioned at 70 + 2°F and 65 = 2% relative 


distilled water being used throughout 
humidity prior to weighing. 


Data and Discussion 


Suspending power measurements were carried 
out on (a) O.1% soap solution; (/)) solution con- 
taining O.1% soap + 0.005% CMC; (c) solutions 
containing 0.1 soap + each of the builders, in soap : 
builder ratios of 1: 1, 2: 1, and 3: 1 for the carbonate 


builders, and ratios of 1:1, 3:1, and 5:1 for the 
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siheate builders; (d) each of the solutions listed in 
(c) with the addition of 0.0025%, 0.005%,” and 
0.01% CMC (equal to 2.5%, 5%, and 10% of the 
weight of the soap, respectively). The results are 
given in Figures 1 and 2 and in Table I. 

It may be seen that the suspending power of the 
unbuilt soap solution was relatively high, and that 
the addition of 0.005% of CMC to the solution caused 
only a negligible increase in the suspending power. 
The addition of increasing amounts of any of the 
ouilders studied to the soap solution in the absence 
of CMC resulted in a progressive decrease in the sus- 
pending power of the solution, the more alkaline 
builders in each group (i.e., carbonate group and 
silicate group) causing the greater reduction. In 
every case the addition of CMC to built soap solu- 
tions resulted in an improvement im the suspend 
ing power, although in no case did the suspending 


power equal that of the unbuilt soap. 


SODIUM ORTHOSILICATE 


0.005 % CMC. 


CMC 


x 


0.0025 % CMC 
% 
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Fig. 2. Effect of CMC on the suspending power of silicate-built soap solutions. 
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Fic. 3. Increase in the suspending power of built 
soap solutions due to the addition of 0.005% CMC, 


Of the three CMC concentrations studied, the 
maximum improvement in suspending power was 
obtained with 0.00590 CMC, or 5% of the weight of 
soap, indicating that an optimum CMC concentration 
exists, and that the use of amounts of CMC in excess 
of this optimum concentration is not only undesirable 
from the standpoint of economy but actually re- 
sults in poorer suspending power, and hence prob- 
ably in poorer detergent efficiency. 

Figure 3 shows the percent increase in suspend- 
ing power * of various built soap solutions in the 
of CMC, It may be noted that 
the effectiveness of the CMC in improving the sus- 


presence of 0.005% 


pending power increases with increasing builder con- 


*B.—B 

B = suspending power of built soap solution and B, = sus- 

pending power of the same solution to which CMC has 

been added. 


x 100 = ©) increase in suspending power, where 


PABLE |. Errect of CMC on tHe Susrenpinc Power 
or anp Soar Soiutions * 


Builder 


Suspending power 


Cone'n CMC Concentration 
Type (% 0 0.0025 0.0050 0.0100 
None 70.5 71.7 


Sodium carbonate 0.0838 4.9 44.2? 33.0 30.3 
0.050 24.7 43.0 $3.0 47.0 


0.100 17.2 38.0 30.3 417.0 


Modified soda 0.033 47.0 52.7 65.7 56.1 
0.050 30.7 64.0 527 
0.100 31.3 6629 484 
Sodium metasilicate 0.020 324 §2.7 39.7 53.9 
0.0383 44.7 47.6 39.4 48.4 
0.100 284 53.9 494 


Sodium orthosilicate 0.020 365 57.6 54.7 
0.033 28.3 49 


0.100 21.7 31.8 i169 494 


<= 
- 


oe 
x 


* All solutions contained 0.1% of soap. 


centration, and that in each group the greater im 
provement is obtained with the more alkaline builder 
It may be concluded, in general, that the addition 
of CMC has little effect when the initial suspending 
power is high, as in unbuilt soap solutions, but that 
when the initial suspending power tends to be low 
owing to the use of builders the addition of CMC in 
the correct proportion results in considerable im 
provement, the improvement being most pronounced 
in those cases in which the reduction in suspending 
power due to the builder has been the greatest. 
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Laboratory Techniques 
Colorimetric Determination of Sodium Hypochlorite 


Guy R. Wallin* 


A COLORIMETRIC METHOD for the deter- 
mination of sodium hypochlorite is offered as a pos 
sible alternative to the standard sodium thiosulfate 
titration procedure. This method depends upon the 
amount of blue color developed when phenol, am 
monium hydroxide, and sodium hypochlorite react 
It represents an adaptation to a specific use of a gen 
eral method developed by Tarugi and Lenci [3] and 
described by Snell and Snell [2] for determining 


NH, and 


reaction of phenol and sodium hypochlorite with these 


NH groups which depends upon the 


groups. This method has also been adapted to the 
qualitative determination of these groups associated 
with textile materials [4]. Chloramine T has been 


used as a substitute for NaOCl [1]. 


Experimental Procedure and Discussion 


By holding the phenol and ammonia constant it 
has been found that the depth of blue color formed 
in solution when sodium hypochlorite is added ts 
proportional to the amount of available chlorine over 
a range of 10 mg. of available chlorine per 100 ml., 
with adherence to Beer's law, as shown in Figure 1. 

The quantities of NH,OH and phenol which would 
give ideal results were determined by experiment. It 
is essential to neutralize all free acid, In order to ob 
tain a complete reaction within a reasonable length 
of time, heat is necessary. The time of heating which 
is most desirable for reproducible results was also 
determined by experiment. It was found that with 
prolonged periods of heating the color of the solu 
tion changes from blue to green and then to greenish 
vellow. The original color reappears upon cooling. 

The formation of the blue color 1s evidently associ 
ated with the oxidizing potential of NaOCl. [ft one 
substitutes HO, for NaOCl one obtains a greenish 
vellow color with a maximum absorption at 415 mp 
The maximum absorption band with NaOCl as de 


* Present address: Burlington Mills Corp. Greensboro, 
North Carolina. 


termined with a Leitz Rouy-Photrometer is at 640 
my, as Shown in Figure 2. 

Phenol and NH,OH will react over a protracted 
period of time, with the formation of a blue color. 
The development of this color is believed to be as- 
sociated with exposure to ultraviolet light. Owing 
to the length of timg required for the development of 
this blue color, it does not interfere with the deter- 
mination of NaOct. 


for 10 min. the colored complex separates from the 


Upon heating in boiling water 


aqueous phase; the complex has a greater density 
and an oily, droplet-lhke formation. It is not af- 
fected by alkalies or reducing agents. 

The pH of the solution bemg tested is important. 
The method was developed for solutions of NaOCl 
with the usual alkalinity and pH. There is not a suffi- 
cient amount of NH,OH to compensate for lack of 
alkalinity of the test solution. If the solution has 
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pH below 11 it must be brought up to this point with 
alkali before analysis is begun. 
Reagents 

26% NH,OH, or equivalent, and 90% phenol, or 
equivalent. 
Procedure 


Take 10 ml. of unknown which has a pH of 11 and 
dilute to 100 ml. with distilled water. Place 2 mi 


OM 


of 265% NH,OH and 1 mi. of 90% phenol in a 100 
mil, flask. Transfer 2 ml. of diluted unknown to this 
flask. This must follow the addition of the reagents 
Mix and allow the blue color to develop. Immerse 
flask in boiling water for exactiy 1 min. Dilute to 
mark with distilled water and allow to stand for ex 
actly 5 min. Set colorimeter to zero with distilled 
water, using a filter covering 640 mp. Read un- 
known at end of 5-min. period of standing. See 
Table | for results. 


WAVELENGTHS (WN MILLIC ROWS 


Fic. 2. Adsorption curve 


using NaOCl, as determined 


with a Leits Rouy-Photrometer. 
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PABLE 1 ANALYSES OF Known Amounts of NaOCl] 


Usinc PRocept 


Amount found 
(mg. of available (mg. of available 


Amount in solution 


Recovery * 


chlorine chlorine (%) 
4.0 4.0 100.0 
3.0 100.0 
100.0 
6.0 60 100.0 
6.0 60 100.0 
60 3.9 100.0 
20 9.2 102.2 
90 91 101.1 
90 90 100.0 


* The greatest error in recovery was 2.2°), which is well 


within the range of error tolerable for colorimetric procedures 
Summary 


This is a simple, fast, and accurate method which 
compares favorably with the sodium thiosulfate titra- 
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tion procedure. A determination may be completed 


Only 2 reagents are required, and 


in 7 or 8 min. 
they are of the type which will be on hand at all times, 
whereas sodium thiosulfate, which is used in the 
standard procedure, is difficult to standardize and to 


keep. 
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Rapid Method for Determining Mildew Susceptibility of 
Materials and Disinfecting Activity of Compounds 


R. G. H. Siu and G. R. Mandels 


Quartermaster General Laboratories, Philadelphia, Pennsylvania 


A SIMPLE METHOD has been developed in the 
(Juartermiuaster Cie neral Laboratories which minimizes 
the diffeulties inherent in the tests used currently for 
evaluation of resistance of materials to microorgan 
isms. In many cases tests can be completed overnight, 
Furthermore, the same apparatus can be used for 
testing a variety ot materials, such as cotton, wool, 
leather, and plastics. Once the apparatus has been 
set up and adjusted for the particular test to be used, 
the method can be executed by the average tech 
nician. A briet deseription of the technique is given 
in this paper. Detailed experimental results involv 
ing various materials are bemg published elsewhere 

Millions of individual assays are conducted an- 


lal 


nually on the bacterreidal and fungicida 


activity. of 


chemical compounds. Since the last war considerable 


emphasis has been laid on testing the susceptibility 
of various materials, such as cotton, wool, leather, 
paper, and plastics, to microorganisms for purposes 
of research and procurement. Here again the num- 
ber of tests is very large 

One of the objectionable features of most of these 
testing procedures is the length of time required. In 
the case of cotton textiles the period varies between 
14 and 45 days 


are required. 


For plastic films [5] about 30 days 
Leather [2] demands an equally long 
period of meubation. 

Another difficulty lies in the fact that different ap- 
paratus ancl conditioning rooms are required for 
different materials. In the case of cotton textiles, 
for example, the conditioning room is maintained at 


7O°R and 60° relative humidity; a Scott Tensile 
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fabric 
In contrast to the conditions required for 
cotton textiles, plastic films are conditioned at 73°F 
and 50% relative humidity; a Clark Flexibility 
Tester is employed to measure increased stiffness of 
the film. 


Tester is used to determine the decline of 
strength. 


The method proposed here is based upon a meas- 


urement of the growth of the microorganism by 
means of a manometric determination of the total 
This is the basic 
difference between this method and those manometric 
methods previously proposed [1, 4, 6], which involve 
a measurement of the effect of a particular substance 


oxygen absorbed during growth. 


upon the respiration of a given quantity of organisms. 
A basic shortcoming of such techniques is that 
growth can be inhibited by concentrations of sub- 
stances which may have little or no effect upon the 
immediate respiration. The converse situation has 


not been observed, Since the main interest is in 


preventing growth, the difficulty is obvious, It 
should also be pointed out that it would be easy to 
overlook an effective compound by relying upon 
such methods. In the method described here the 


cumulative respiration of the mass of organism 


Experimenta! 


Control 
Flosk 


Fiosk 


Monometer 


Fic. 1. 


Differential manometer for evaluation of 
microbiological susceptibility. 


Treatep Corron 
TestinGc Metuops 


TABLE |. oF 
Faprics as DererMinep By 2 
Pure-culture method Manometric method 

“> copper 
naph- Strength 

thenate loss 


"> Copper 
naph- Pressure 


Dime lime thenate 


days 


change 


as Copper 


hrs as Copper (mm. ) 

; 0.00 0.00 
48 
0.04 0.04 22 
0.16 0.16 


0.64 0.64 


0.00 0.00 
O01 0.01 
0.04 2 OO4 
0.16 
0.64 0.64 


0.00 0.00 
0.01 
0.04 0.04 
0.16 0.16 
0.64 0.04 


which has grown in the presence of the inhibitor is 
measured. The basic assumptions are: (1) the 
amount of growth in a’given period is a function of 
the effect of the inhibitor; (2) the cumulative respira 
tion of the organism during growth is determined to 
a much greater degree by the quantity of organism 
than by the effect of the substance on respiration 
The apparatus (Figure 1) is, essentially, a Bar 
croft differential manometer. The manometer proper 
is constructed of capillary tubing of 2 mm. bore, with 
arms about 300 mm. long which are partially filled 
with Brodie’s solution [3]. The bulbs have a capacity 
fluid 


Erlenmeyer flasks 


several times the volume of the manometric 


The culture vessels are 250-ml 
fitted with 24 40 standard tapered joints and at 
tached to the 


tubing 


manometer arms by flexible plasti 


Each flask contains 50 ml. of mineral-salts 
agar. Suspended in the flask is a cup containing 1.5 
mil. of 1007 potassium hydroxide and a filter-paper 
wick. In our laboratory the apparatus is placed in 
an incubator at 30°( \ctually, only the flasks need 
be in the meubator. 


The 


procedure for cotton textiles. 


method can be illustrated by the following 
\ fabric disc, 7 cm. in 
diameter, is placed on the agar surface in the experi 
mental flask and inoculated with 1 ml. of a spore sus 
pension of Myrothecium verrucaria, USDA 1334.2 
Joth experimental and control flasks are then at 
tached to the (the 


manometer by the connectors 


| 
_ 
Gp i 
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joints should be carefully sealed with stopcock lubri 
cant). After an equilibration period of 3 hrs. the 
stopeocks are closed. During growth the organism 
absorbs oxygen from the gas space in the flask, which 
causes a decrease in pressure. The carbon dioxide 
produced is absorbed by the alkali in the well. Pe- 
ricdic readings are taken of pressure changes in the 
manometers. These changes are used as the cri 
terion of susceptibility to mildew. 

\ comparison of data obtained by this method and 
by the standard pure-culture technique is provided by 
Cotton khaki twill fabrics 
containing different amounts of copper naphthenate 


values given in Table I 
were used. The correlation between results obtained 
by the two procedures is excellent 

In tests of greater duration it is advisable to have 
wells containing alkali as well as the same agar me 
dium in both experimental and control flasks soth 
flasks are inoculated. Respiration due to growth of 
the organism on the agar, which contains significant 
quantities of assimilable impurities, is thus canceled 
out 
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